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ABSTRACT 


A rudimentary discussion of crystal symmetry 
includes unit cells, symmetry elements and operations, space 
group notation and general position definitions. Using the 
Laue equations and Bragg's law, the geometry of film dif- 
fraction patterns Us discussed including the idea of recip- 
rocal space. An expression is developed which shows the 
structure factor to be a Fourier transform of electron den- 
Silty. Modifications to the structure factor expression 
using Friedel's law and symmetry operations are illustrated. 
Two methods, direct and Patterson, for locating atoms within 
the unit cell are explained. The basic experimental and 
computational techniques used are given. 


The history of transition metal hydrides is 


briefly traced from the earliest preparation of Fe (CO) ,H 
through the NMR characterization of HRe (C-H.) . Corte ete. 
J) 


MinecLon Of the Mydride position by neutron diffraction in 


HMn (CO) and the formulation of bridged hydride species as 


57 
in HMnRe, (CO), 4. 


of ‘Group IV substituted carbonyl hydrides of transition 


The preparation and structural properties 


metals are given. 


The compound H W (CO) ,Si. (CoH ye CovyeLallizes (in 


space group P2,/n (Z. = 2) with cell dimensions a= 9.212 (1),% 
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tions. The tungsten atoms are held together by a W-W bond 
and by two silicon bridges. There are two distinct W-Si 
bond lengths, the longer being interpreted as a three- 
centre two-electron bond involving, the hydrogen atom. 


The compound HFe (CO) ,Si (C,H, ) crystallizes: in 


au 
tHieptrielingcrendcercrOups Pl withwas— 10.062 (1) b= 1053 771(1 
(Geer 00 ee 990. 0G (5 eee slits Cle y coer ss 
(1)° and Z = 2. The structure was refined using data from 
el1gnt crystals to an R&R facter of 0.06) based on 1612 refiec— 
tions... Thevterminal hydridics hydrogen is at.a normal. co- 
valent distance from iron. 


The compound (1-C Hin (CO) ,Si(C,H.)Cl, crystai— 


als! 
Die Mans pacemo Loup Pl wreh® a= 910.9951) sib. ety (1). 
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Pa ec le ea one O51) 8 = one 
andeZ = 2). es structure was. refined towan R factor of 
0.039 using 968 reflections. The hydridic hydrogen atom is 
located in a bridging position with respect to manganese 
and silicon forming a bent three-centre two-electron bond 
With Mn-H = 1,49 and Si-H = 1.79 A. 

The compound (7-C.H.) HFe (CO) (Si (CH) CoH.) 5 Crys 
tallizes in the orthorhombic space group Pbca with Z = 8 
enOmae eo en), dor os Silo ZUM pe Cw bi, Oo 2)) A. The 
Stricture wae retained +6 an B fector of 0705S with 1180 


reflections. The structure may be viewed as a distorted 


tetragonal pyramid with the centroid of the cyclopentadienyl 
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ring at the apex, the carbonyl and dimethylphenylsilyl 
ligands in the basal plane with the latter trans to each 
other and the iron displaced toward the cyclopentadienyl 
tang. The remaining position in the basal plane of the 
pyramid is assumed to be occupied by the hydridic hydrogen 


which was not conclusively located. 


Ss aan : < 
1.) ag letvastigivdiaed® tae 5X5 


_s 
: @ebe Gs anatcs' 2eize! od? ae oe 


_ 
tynedsasnag: iaya «fd Piaect ieamposis pert ont bas as a 
243 % engi, tears wilt af A Lateoy godinianes att <0 
a tae 
30 sp od —_ wea at blma® 7 


- 
aéeorhy —<2asore Se 
_ & Fagg prea tw = mew ‘* we 


i | 


- oe 


- 


ole 


ACKNOWLEDGEMENTS 


I would like to express my sincere appreciation 


ER 


Professor M.°J. Bennett for his patient guidance® and 
friendly tutoring throughout my apprenticeship in crystal- 


lography and pursurt of this* research. 


Professor W. A. G. Graham for steering me into crystal- 
Loder, and nis research group for providing most of 


the crystals used in these studies. 


Professor W. E. Harris for generously employing me as a 


teaching assistant in an outstanding course. 


The X-ray crystallographic group, past and present, 


especially W. L. Hutcheon, for comradeship and support. 


And the National Research Council and the University of 


Alberta for financial assistance. 


7 = 7 7 ’. t ; 
bl 7 iD =>: - 
oe iver 


—* > 


ey | 


7 wail 2a blaow 

| - melgcizengge G1s%0l= Y@ sieaameaedinines oueen 

7 

ad - 7 - Wels 
- a 


- : - _ 

- : 7 : 7 

hea sotkbeng 2c=2- aie tot 33 seenus 2s ,w 

- : 7 : : mn a ‘., ta y 
~Zadorr> ql? giyit inupes-sye eae St sentra at ‘DeLsezns ¥ 


rer 451 Vo ies stg hem eld 


7 : 7 ‘ 
a ng = : rz tthe 2 A ~ Tose. is 7 


- 0 ~ =i!) - IFe@) aa 
a 3 = sa é = wits 


ie 
1: Sean wikstYosd Bt) Cre pak iaiahal wef bee: vege rN 
ate plait at eee, shaseyes 
A Se GA oelyoicrs Tissg1w : zt Snags y8 .F 36 asd 


_e27°¢an, 2 shite 6 pec = nf 3nS290£22 c yi eae 
7 
7 
ae 


7 . 
7 = - i > 
(uiet@erg fis seg \\ote 21189 higagre* yes 
7 ! 


Voenqq vote gits4fiisern am yeoman. ey 


a dg 


TABLE OF CONTENTS 


Page 

Chapter sl: ) Cepesal Crystal lograpiie Introduction 

Caviotar S seme Soy Mie cay) Bar. se) ce cet o ess ow ne a: 

Mao Vs UERBACE LOM ¢ iy Le oe: calls base. a oe 8 

Determination of Atom Positions . .« « « 23 

Beep eisimien Cail tess Oa peewee Ss x, apn fm We ek 28 
Chapter 2: General Chemical Introduction . 3: « « . 33 
Chiapierss:, The Crystal and Molecular Structure, of 

HW, (CO) .Si, (CoHe) , 

eal GI OCU MLO, Melts i= Vp tea eee ar aay een ita uate eran 4£0 

ta OO CoN Sets) Sar ov. page PS Metug te tains Ea 42 

SOlLUELON and. Nelimement (4h 4. .e useces) aes 46 


Results e ° 0 e ° e e * « e e . ® e e 50 


SSS Olen wr ole <3) col ae hee ee eee eaeeen we lancs ees 61 
Chapter 4: The Crystal and Molecular Structure or 

HFe (CO) ,Si(C¢H.) 5 

Introduction SP i gt ig ale oRE eee ae ee ena 66 

Peel Minera | so mecuce > Skies os Osa as ast acs os 68 

Souiieiorn. wanda Reta nemewey wii hooks es ihe) 

Ree ules ry . . . . © e ° © . ° 86 


Deed tae o. 4 eaten, Beefy va dese vee eek ela as 95 


; | éebinehostsi MIT ae ah Sad Leven iL aaa 
—_ a. + guest fies sien? 8 


£& 


: 
- - : a 
| : EL . acerrency enré to euttentitzedad 


® Le sana gallate aaah 1 7 
er 
_ 


ee ak ee 4 oe eee. 


a » @ « « «) MCPSaipecin! lao let fez5oseD 16) 783 ge va 
s Deaths Pa 
: —= ent £ +setqud> 
3 2 IS "61294. 68 Diep . wtce Bit 3 ——— 
\ | a ite>>H ij a — a 
y” ¥ . 3 > ¢ : a. 7 
re ets : a 
OM i e 2 2 » « > « e - . * - = soubotI ni 7 ; 
4s ® - 4 « 4 e - ym her clieqgua -_ - = 
— 
ow ener @ 8 » =~ oon ES (2 ies iow oetsugsor - 
‘ 7 is 
ic ‘ ‘ o ° ° 4 N 4 e e « ° arviwsear a 
£a ee + ee y ¢6 «© © ww» & Of, ¢ (a BP wea le 
. Ae paevcacnas Le tee loves .asT 
> Ve 9 > 
7 earls =, el ae 
oo -* + © 8 se ce € & 4) j e | 
7 ro oe 
Be 7 ia e 7 e os © ph s “we © i etetumes » eas ¥ 


- 
ay Per Pa a a ee | - sens my om fae nant ed 


A _ we Te & ely) 4 SS» i - gl 7 
sa _ 7 er ee 2 cas fs soeeuaele 
_ 


Chapter 5: 


Chapter 6.: 


Chapter —/: 


References 


Appendix A: 


Appendix B: 


Table of Contents 


The Crystal and Molecular Structure 
) HMn (CO) ,SiCl, (CoB 


(7-C.H. 
Introduction 5 cs stalls ees 
Dee WUNetita ly 4. Als ae ee os 
Solution and Refinement 
Results Rg et ieee gies ar 
DAS CUuSsSt Onis sy! ke. Gales) oy ete 
THeSCryystal Steuccure 
[Si (CH) ,C- H.-J 5 

PMEPOOUerLOn ..-6- Gi e 
Pxperamental os 3 < 4% 
Solution and Refinement 


Resul ts . . ° . e e e 


DeSCussi On ON ie). = 
Summary and Conclusions 


Structure of Sni{Fe (Co) 


Experimental . . « « + 


DRS CNS UG. mabe sss > Ss 


Redetermination of the 


ot Ferrocene 


VEO MCG LO ou so) sles oe 


OL 


A 
“t 


5) 


w-C.He) 
SiC1,)5C1 


Of 
HFe (CO) 
2 


5 Ws Be 


Page 


100 
12 
106 
17 


128 


140 
142 
147 
GL 


Ay 2 


Lore 


187 


194 


Loo 


CEy Stal, pLoucturse 


Lo6 


Sal 


cai ane 


oo rad mae” 


sznatoc) 36 
= ea al 


7 : 

: 7 
| . ee ee 
3@ sierottrd, «mi > @drat ine lastaqin oat 23 d 


: ( ne ite “fF (arp eies é g gaye~er ; 


7 50) ~ derre 40 e@e & soa 18 'S Baer 6 s034dob4u TIA a 
- 
vw ~ 
ge! oe «ie ets a. = &' 2 TT = E % at auetlagud _ 
60: ow ¢ «© + 4 * tino te DAs fed te ioe " 
Cff ‘ - * * = * e . ’ ° e - ° * - 2 tueokt ; 
ati s e 2 * ° @ sa * *. J J es He react ae G 
Hq Ly Saal WoT} tn St Psa (fL.32@V2y eas 
- - “ ma} @ %og 
OOP .'s «  « ie & Sc oe obtener 
i > [ ca © 2 4) Oo ° . ° , e ° : t | a : = ays a 
Be 4 e e » » ° : at es K&S isn ea ig uliog 7 ' 
ya > 4 ® “a = * . * o e @ e 4 asisage 


7 a cet. a 


pty ( yhkiat » i es 22 “Gy wa dared 


S.pe- 7 a a ia > . santa 


bites Sh ay jaltes aaa 
a | 


‘ a) 3 - a a ri a : peo 
7 ao om ; _ oe _ 
7 7 
a ae 
_ 


Appendix fs 


Table of Contents 


Haperimental =. .Sao-ees Aves 
Solution and Refinement .. 


Py SC SS Ci gr de eh ee 


Tea. 


Page 


Tae ere de) 
as wes eee OD 


: ee 


DREFINE, a Program in FORTRAN to Obtain 


Accurate Cell Parameters . 


akte “sere 


7¢) a ee 


7 


Deyn ss. eo ith 
7 > & — 
>... ... - Seemdriei ibe nolsates ~ 


aug .? * — * e 


7 


i 
e ¥ _ * . *. NW > = ' io i2corug n = * 
7 


ciaye? OF inn Bt or aeeees4 ¢ a ad pie Ors pd ra — 


: ae © ee rer; sj ferns, 
‘4 08 . eo « .« « &=8 ad ae a re) ay # 3) (OU. es 


acre 


LIST OF TABLES 


Page 
Chaptenel: 
Center: SyINeSerylOperatTons a.m, TSU. a! 
Table II: ~ Ciysita PtSVSGems y, 4. =. e< Ks te ws Be 5 
Table CPi: Boaveler et reas) 6h tui oer iss fer oi 6 
Table: iV: Direct, reciprocal Jattice rela= 
OMG Lo erate atte ete kre stg cee e revenue? |G 2 
Table V: SVSteMmabve absences ss. «0... 22 
Chapter 2: 
Table VI: TRansiiiiem meta btsritconefy a 37 
hydrides 
Chapter 3: 
Table VII: %$ composition of HW. (CO) , 
[Si(C,H.) 5], ete hte ae AEE oie eed ee 
Table VIII: Observed and calculated struc- 
ture factor amplitudes 3%. .. 48 
Table ix: Final coordinate and thermal 
Parameters ae. st aw 6 Miers SES 
Table Xs: BOMat engi «oe ey See ew sae | OO 
Table XI: Pave MAI Lec cyte aPC eete et 8 ecole, Oe 
Tae ek intramolecular contacts... =. 9 


Taple” SLi: intermolecular contacts %; « = 's 59 


- 
4 2 +)» foes 


a : * «© 
7 
; ~@is7 worsaet 
7 mm ne 2@. 
oY * * ® - 
j 
. 
fs s id ® 
hae 
; «€ 
>. 
® 


I StR i 


lem: 


aes. 
- 


7 _ a 
caPaamys 


emu Tee iadeyx3 | 


enrals47885 


oS 


my ® 7) goin = 


Leno, 40d wie 760 


e .efen wit eeoRtt 
sQr25¥e 
24 2e TSeaapipn & 


os 


itiunlés Ew bw OQaeU) 


eo = 
m sordet eth? 


a ae t 


A Wt cARibeso: teh)? 


_ cal 7 


t ri aldet 


Leet aide 


a { sktet 


eet aged a 


9 
WT eideT 


- 


A ; ~_ 
:6L wh | ae 


Table 


Table 
Table 
Table 
TapLe 


Table 


Table 


Table 


Table 


Table 
Table 


Table 


Table 


TDast Of Tables (Continted) 


IWR 


el eles 


De aa 


AXV: 


OV Abe 


pe aa 


feast. Squares planes and 


tances of selected atoms 


these Planresus ar vs 


Crystal intormalion” -. 
Patterson vectors as 


Patterson solutions . 


STaticciCal GLStrroutiton. co: 8°S 


gigs 


Page 


60 


70 
74 
Wee) 


16 


Calculated and observed hydride 


peak heights ~ , ws -« 


e e 


Final coordinate and thermal 


DalaMeters 2.5 <i: Seas 


Rigid, body parameters. 


e 


Derived parameters for rigid 


bodies e © . . e . e e 


Observed and calculated 


ture factor amplitudes 
BONG) Lene rie. se ve in.) 


Bond angles... 4 «ss 


© 


Non-bonding intramolecular 


Gy SEANCES! ty Gow 6 a es 


[IMEerMOLecUlLaAs Comeaces 


. ° 


struc- 


Td 


82 


84 


85 


OL 


Ps 


S| 


94 


: vw - s 7 r 
ben eemaliy ea7ikepe taal 
24046 Dace la2 30 sociieat 


_ s - 
, ss tp, ree aS 
—s oes 
, 


a 7 
fbi tgeeater Late yes 
_ 


a oS « « (ane i) tet :Ivu atdet 
7 7 _ =e, 
ws « Sp itvies aewTsalee4s siivi ofdat 
44 apigmten 4 isatteisszs vitive sida? 
Th tae C; ace Bete liteiso 1440 ofds® 
a « wn 3 , ’ oW 
fsarce s genhiinccd isast ‘Rx olde? 
es a 
» «&+ © & eo «©. 8 9 (eo >00mirts . 
‘a oe -_ , : a) a 7 : 
. . Issey ied Hb Sie 7am oldo® 
> _ a _ 7 : 
Stes F237 cad pave 17mm addet 
a nal - a 


13tae ated . 
ae newer | 


Chapter 5: 
Table 
Table 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


Du 


List of Tables (Continued) 


Aa LT: 


OID 


XXX: 


XXXL: 


POI SALALE 


AAALETT: 


XXXIV: 


XAXV: 


XXXVI: 


AAV s 


AAAVILLE: 


AXXIX: 


XL: 


Chemicabadataygenehydrides’. .°. 
Statistrealacistri.bution of E's 
Calculated and observed hydride 
Beacwehetanes So. @si0l aide es 
Observed and;calculated struc- 
burey,tactor.,amplgetudess® Garters dic 
Pinal) positional and thermal 
DAKAMGESr S45. 4 lLouteases Showers 
Parameters, for the rigid bodies 
ands hindercdurototswaliwarme<« « 
Derived parameters for rigid 
bodies. and hindered rotors. ... 
Bondeabengths.and angles’. .. . 
tintramolecularicentacts wsenm. 
LAcCermolecidary COREGCES sna « « 
Conparieongofeci li tcon-—chliorine 
bond Lengths aud. enetes «6 © 2 + 
Comparison of hindered rotors . 
Comparison of cyclopentadienyl 


Manganese carbonyl compounds . 


Page 


99 


105 


110 


Listy 


12 


Lis 


136 


Lk 


ies 


2 
Zo2 2°S 2c veitedhsaeah 


oh izte?! aowipade bz bierwavasee: 


we ve an a 
ii * 6 2 *. - 4 . = 3 hi Lon Ape j 

_ 7 
-“irtts bade iors iyi rts ie eae |) 
S40 @ 7 rs £20 23.1 a as ‘ “a7 veu7 
=. Satisi,) mwa be 2-464 2ent= 

_ 
CEE of) wg tw te Oa tw, SERMOCOES 

: 7 
; sie oa} = - ieee ae 
Bre «4 ® ‘ Laboe st G SINS A Cte 
BéEPs> TOL “25980 Sie 0 2) Seas 1a 
_ 
erl. 2 @roge: béjebeds Ooty celGed 
7 
est + pe eee 11¢ si Srer3) Bern 
_— - 

SET oat Pe Q0RRS ee JestoRgt Baas i 
— - 
jst oe ap * 8S cme gtr: at ine Ia), 


moe ewe 
— 
aes espe re Sahni 


efigie 7 — 


. esbisbed «6 dict keelasns 
Leospaiaese 


= 7 a - 

»tilves ges "1 
7 3 

:AFee olde? 

Ae atte 


sVIRRE 


Chapter 6: 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


Table 


aah 


List of Tables (Continued) 


GIL S 


Xe 


wie ide 


ISURILWES 


YOUN B 


DOHANAIL © 


Pry ES 


pA OP i al 


» GUND. 


line 


ideal & 


sae ee 


POECErSONMVECEORS OE, Sata cst eos 
Pactersonm Solutions 8s a 2 os 
Phasing planes in direct 

SOTAE DOP wie, evens: eras om Os ae mis 
Comparison sor SOluUt Loner ¢ 5.56 
Calculated and observed hydride 
peaky hei give Si. geeauen tenet ise ae 
Observed and calculated struc- 
ture, factor amplitudes |. 3% 
Positional and thermal para- 


meters Of individual atoms . . 


Parameters for rigid bodies and 


Jae bayer =a evligeyaercc® 5 teary weer ek = 
Derived individual atom para- 
meters for rigid bodies and 
binge eer Ororery sw aes Phieie wh soe 
Bond. lengths and angles . .. « 


Intramolecular distances with 
models for thermal motion .« . . 
Iineranolecvuidsar wontacrts ... . « %« 


ImtermoLlectilar contacts @ << «.. 


Page 


£33 


156 


157 


158 


Le 


164 


166 


Led 


168 


 themnteee: ontant “0 > 
pal ad =e 


ry nie add 

tr. “w+ we + © ; aye o7TaV 1G ere4 eax ue 
; 

Mis. S.C pelevlar wees 1x a ; | 


¥ 
~— : aa - * - + 2) 
S30T@S Fi wet ss pits ats 4 tse sidst 
7 . : 
Oeil =» . > - * . * U ° * ‘ nuts i/Loe : ; 


7 
. we : 
: S er 
gel ... i's emdlagine Toc ncaa VIA ofdat 


- - b - 
2 eb / 
vet ose reess je Sotaiteis ;y2e% waiadetT 


i. 6 a - is3a2, qq — 
t -- . € * e rs : , : . 
»> 
-“iete Sovaburlie> bas be rass >t sa tale = 
— aw @ ms 3 : i 
a 
= oa ; ae 4 ° £«>! — 
aet ry ® . s = 7 cas > $04.26) - 4 : 


~panwe igerec ie “1 Sacid? tacs Seve aide? 
_ 


yes .  eteie LaPat ie We erecaen - 


szi e -e>J/s fe 'e "se «@ > eae Rohe hes ate iul ; 
- a 
—~G18q, (7e Len tn tars Bees att 27440% elect : 


7 baa &a5bag Wiers 8O* csusSn 


me sere Safes. 3 nso reat . 7 


7 - =. ee eaigan Oa oragast. ——- 
: 7 7 nee 
ie 


aia aha 


aw aa amnpacid 3 va 


a Tr 


Table 


Appendix B: 


Table 


Table 


Table 


Table 


List of Tables (Continued) 


JEndEW/ 8 


LV: 


EViis 


Wee 


EVIL Ts 


Comparison of bond lengths, 


angles . e e 6 e e . . ° ° 


Positional coordinates’. . 


Observed and calculated struc- 


ture factor amplitudes 
Positional and thermal 
PDacLaMerersyia.ws wl... ic: 


Comparison of bond lengths 


meq 


Page 


201 


202 


203 


207 


AY. 7 


7 ‘s edrade boca! 4 o naar een? Vie : 
ee | 7 
| 7 — Lyi : ow a « " _ 4” s * eG Sfenes om - 


_ : . . 
; os , - n nae 

7 ‘RS 2 aw yy As SI QO ———-' = . a 
avsts isthe by of2o igen Saragedo 2 2a alta? 


foe . . . . GSC Eig Gorcet Gee : 


-_ 
laqvwsads WwrA faanla i2ot ye aide 


ee | 


, Sovteaiguse 


Cnhapterv s+: 


Figure 


Figure 


Figure 


Chapterya: 


Figure 


Figure 


Figure 


Figure 


Figure 


Chapter 4: 


Figure 


Figure 


ais 


LIST OF FLCGURES 


Laue equation:* definitions in:one 


dimension . 


Bragg’ s? law'definitiens « « 4 % 


A and B terms in the structure 


factor 


A perspective view of H.W. (CO) 


[Si (C,H.) 4] 


22 8 


2 . . e e . . e © ° ° 


WeSiPestructural. Praqmenie «7: 


one. 
Packingvot 


down the a 
Packing of 
down the b 
reckings Of 


down the c 


HW, (CO) ¢[S1(CoH.) 4] 5 


axl Geta Goole PARP ® 


Haw. (CO) 


5 [Si (C,H,) 


2 8 212 


ob ik A ee eee 


Perspective view of HFe(CO) ,Si 


(CpH.) 5 
Packing of 


down the a 


4 


HFe (CO) ,Si (Cp H.) 4 


eet Sie ie GP es eee es 


XV. 


Page 


10 


10 


ay 


ow 


52 


53 


54 


oe) 


87 


88 


Se 


: = as, 
: enn ol seatsataigss avtaedes = oad 
” : 


7 & : : 
oL e+e =. ww H © . «+ e we io ter ene 7 
) : . 5 , : 
i 1 or a we a 
as ta. 7 ansttin lakh’ wet >? ape ta eS =e 
sydourets a? ciate & pup & weet i 
; 7 - _ 
TI @ é ‘ . * - a @ = "4 7 * : 4 a 541053 
+ é a 7 ‘fe 
-_ rE ve 
(v2 es 2a i i 4 O32 420 -z zt vsvelt. 
{2 iw ¢, © a be Sry" J cai? 
= « & a 
se » « oomnetl Poeouske ie p74 
_ 
phe fal is ale oki tad + peta 6a 1? stag? 
Ee ® ° * & v * fi at a a a Gwdr 
Tey ee ee «< oe 
gig | Pott git 35 geetare® Pa upd 
¢ F : ; 
‘C¢ 3 «2 ¢ w i 2 = 4 ee F 7a Sits pero 
gle Fel £¢] - ice My 4 ae ettdone a} 
. 7 _ 
ce oe a a oe a sia pos 
- 7 _ _ _ 
7 7 a 


7 

: hl a 
by tO 
7 ae os 


~ fe : ~ = nA 
AU Gan’ eu, GSI aeeyT 
a Oo 
_ 
i 50 f aa 


XV1. 


List of Figures 


Page 
Pagure 1s) 2Packing of HFe (CO) ,Si (C,H) 4 
OW ee oC ee ee Geist go rs) ss SOS 
Pigurse 12:8) Packing. oL HPe (CO) ,Si(Ccl.) 4 
COW eee sat MASE eeate ails Pict. cee ky eee eee 


Chapter 5: 
Figure 13: Slant Fourier through the phenyl 
Te 0 NIG Ce ral, ee eae eel Se ne ee LO 
Figure 14+ Slant Fourier through the cyclo-— 
DEN GeC LEM Cio eine as) we) tO 


Figure 15: Perspective view of (1-C H,) HMn 


5 
(CO) ,S1iC1., (CeH.) AR a ie eines eee wayne ie 5) 
Figure 16: Geometry of the manganese atom 


SUT OUI 1G Ses, Mc: ey ektn eerernletive: Lined ae 


Pireurce 17: Packing of (m~C.H, ) HMn (CO) 5 


SiCl., (C,H) Gown. the a axis « « «3 120 
Figure 8: “Packing of (1-C,H,) HMn (CO) ,SiC1, 
(CoH) Gown Ene. seme: on ue: be he, Fe an eee 


Bugure LO: Packing of (1-C,H,)HMn (CO) ,SiC1. 
(C He) dow UNE 'C esse swe es ne a Lee 
Figure 20: a) Typical anharmonic potential 


Pre a it 


: tile aptsy le 2} watt to ae 
a vu le, re * *, 4 .» Shs a ans twos - 
| a a oe 
7 - (ait, 3 fay LOG) oF - prison? 2£i aye 
: oo aad 4 - 7 - 
oe ee © er te Oe = —* ¢ ee) att ww 7 : 
7 2 , = - 


hyrodgy of9 Aeveset te ot imic > @f otupld 

7 a 

41 ‘ e e 4 or ~~ = ° oy SX wits. enia _ | 
—— 

cep Veeis vee “Rat ol Jeci2 sh seuped 


ie es _ 7 : Tes | Av < oe ued ems i 
7 


: - ; oF 5) 5 
=e > y+ jo watw, Wi2seCcEa oo. os a.upls - 
iu its F 4 J a 7 : 


; - » \ ewe. as a 
et * . = . ’ s e «© 4 ( git?) pang cry) 
: a 7s . 7 
aig ssutn@ adr ledlt ts qitagpeo Tet omy. 
Opt ss e« «© + 7 4 i) ) ot a2 . tcnlémepasee 7 2 
: : - : 145 : 
, bs A! Nn o-s! Te batinnet :0F exagit - 
= —_= - 7 7 7 
7 «| eo ae 7 
i. + « Ree © Geld) ed’ 15M, a) ASRS 
"i ee 
! . bee, (52) 110) hs) pause? 
7 ? c< 
2 


eo - sive 4. wth’ ¢, 


bes sagt mys 
‘eee: 


eae. 


xvii 
List of Figures 


Page 
b) Scattering density distribution 
corresponding to the anharmonic 


SEreCCHanC VV Poi ion aia) ee ete, ees oO 


Chapter 6: 


Figure 21: Perspective view of (7-C,H, ) HFe 


Figure 22: Geometry of the iron atom 

SULEOUNGANGS: fi Ae We | st erate hers ts Oo EOS 
Figure 23: Siiicon-hydrogen distances for 

(n-C,H,) HFe (CO) [Si (CH) CH. ] 5 ‘ 1.79 
Figure 24: Silicon-hydrogen distances for 

_ ‘ ale 
(tr C,H.) HFe (CO) (SiC1,). werd 180 
Oia e 

Figure 25: Potential energy diagram showing 

adobe mini Re oe eels ee ee 87 


Appendix B: 


Pigure 26: Perspective drawing of ferrocene . 206 


_ - 
: 7 ie 
notspelsyeih Yi2ai* mi leeiseae {a 
* =s4iroctiasine @ir #2 paihangeertes 


fer 0. . 3 he eT ap heeete PAR 
- = ’ ‘ _ 


cei : 


: 7 
: 4 ; - 
aGht (isco ©) | Peay ely, odes 
7 S a ‘ 
Sg A lps 2.4 eGo) -tog se) 
Set - e« « @¢ ® ely ie € 4 
; 7 i 
- one pik odd, oe Goddess -f 
Edt a © > = a « e e . . : < riers 
w 3) : 7 —— > 
16) conaatieth malopetessia § +es smiyst 
: — : 
evi s/t elated, |. oF) (i) We 0 FP 
- cy r = te 


70° <mp@edean rapesdyits isooit se ‘PS otbett 
; in : iM a ~* 


Oat @ « > e ° cielo 2) oe = ar ae - 
wh 
— 
paiegas nsgeee G_sers peisnego’ 145 eteg 
rel en cute , i : a dann edyyeh = 


7 


CHAPTER 


General Crystallographic Introduction 


GENERAL CRYSTALLOGRAPHIC INTRODUCTION’ 2 


Dow CeYSstals “atc Symmetry 

AW. The Una iCe kl 

A crystal consists of atoms arranged in a pat- 

tern which can contain a single atom, a group of atoms, a 
molecule or a group of molecules and which repeats period- 
ically in three dimensions. To discuss the pattern quan- 
titatively, a system of reference points is necessary and 
so one point is chosen at random. All points with identi- 
Cal environment and orientation to this point ‘constitute 
a lattice, By connecting the lattice points with straight 
lines a parallelopiped or unit cell can be formed which can 
be repeated by translation from one lattice point to ano- 
ther to generate the entire lattice. If the positions of 
the atoms within one unit cell are known, by extension, 
the atom positions throughout the crystal are determined, 
The size and shape of the unit cell are specified by the 
Lengths .of the three ,independent edges, ia, b,c .and by othe 
three angles a, 8, y between these edges as shown in the 
figure below. ,The axes, a, b,c definesa..coondinadts asystem 
appropriate tothe crystal. ,,.The docation of sa »point within 
a unit cell may be specified by means of three fractional 
coordinates (xp vn SZ GCetined by «stanting at an-enmigan (0, 
0, 0). and moving xa along the a axis, yb along the b axis 


and zc along the c axis. 
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General Crystallographic Coordinate System 


B. Symmetry Elements and Operations 

The three-dimensional repeating unit in the lat- 
tice can show symmetry. An object is said to have symmetry 
if some movement of the object or operation on the object 
leaves it in a position indistinguishable from its original 
position. Some symmetry elements and their corresponding 
symmetry operations along with the Hermann-Mauguin symbol 
are given in Table I. The collection of symmetry elements 
possessed by a molecule is called a point group, while a 
SLuay ofrethe: characteristics of point .wroups is scalled 
group theory and will not be treated further here. 
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Table I 


Symmetry Operations 


HeErmMann= 
Symmetry Symmetry Mauguin 
Element Operation Symbol _ 
Laer iy Rotate by 360° I 
J fe) 
Rotation axis Rotate by C82) n 
Mirror plane Reflection m 
Centre OF Invert throug a ‘a 
symmetry poLnt 
Se ° eee 
Rotary Rotate by (260 ; n 
inversion ; 
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outlined above may be chosen in an infinite number of ways. 
However, in practice, symmetry may be used to restrict the 
number of choices for the unit cell. In describing crys- 
tals, seven three-dimensional coordinate systems are used 
(Table II). It can be seen that symmetry considerations 
dictate some of the relationships between, and values of, 
Bhetsiocepalealio ters a). (pC) mi0 po pemny. 

In addition, in order to preserve the advantages 
of a unit cell chosen on the basis of symmetry, a centred 
Gell) injone of the basic: crystal systems Ganibe chosen. 

As shown in Table III fourteen Bravais lattices are then 
possible. The symbols used in the diagrams are Hermann- 
Mauguin symbols: P, primitive; C,c-faced centred; I, body- 
centred; F,all. faces centred. Each component of a symbol 
rerers to a ditterent direction except ai wsed. in “conjunc-— 
tion with a slash, so that for example, mmm implies three 
mutually perpendicular mirror planes while 4/m indicates 


a mirror plane perpendicular to a four-fold rotation axis. 


C. Translational Symmetry Elements and Space Groups 
So far, symmetry as it applies to the repeating 
pattern or unit cell contents has been considered, but 
the repetition of the unit of pattern in Space also can 
result in symmetry. There are three new symmetry elements 


involved, the first of which is the lattice translation 
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Table II 


Crystal,.Systems 


Crystal No. Of In@epencent 
System _ Parameters aye Parameters 
Tric Linc 6 ax¢b#c 
oF REY 
Monoclinic 4 a#b#¢c 
a=y=90° B#90° 
Orthorhembi.c 3 a#bc 
Q= R=y=90 ° 
Tetragonal 2 a=bc 
C= B=y=90 ° 
Rhombohedral 2 a=b=c 
a= Bsr 3. 
Hexagonal Z a=b#c 
a=B=90° y=120° 
Cubic if ; a=b=c 


Gls: B=y=90° 
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Pravais) Lattices 
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itself. Then, there are screw axes, ny which constitute 
a rotation of 360/n° followed by a translation of p/n in 
the direction of the axis. Thirdly, there are glide planes 
consisting of reflection in a plane followed by transla- 
tion. Thus, "a" implies reflection in the plane followed 
by translation of a/2 in the a axis direction. There are 
230 ways, called space groups, in which motifs may be 
repeated, which can be symbolized by Hermann-Mauguin sym- 
bols as already described. Thus, P2j/c implies a primi- 
tive monoclinic cell, with a 2-fold screw axis parallel to 
the b axis,and with a glide plane perpendicular to br,with 


aytranslavion Of C72. 


D. General Positions 

Equivalent or general positions refer to the po- 
Sitions generated within the unit cell by the actions of 
the symmetry elements. So, using the previous example of 
P2,/C, if there isvone, position at fractional coordinates 
(CoaVeu Zu, nerve ea Second posit ioOnerelated top Chis byvia 
two-fold screw along the, b axis, that is,at (x,7yts, 2). 
ApPtiirds post tionerelated to sthe tiretoby) ac glidesi sab 
(ees Zthj)g) andwitnally,sthere 1s. a posi tion swith frac- 
tional coordinates (x, 4%-y, 4%-z), that can be described 
either as a c glide performed on the second position, or 


a 24 performed on the third position. These four posi- 
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tions are called the equivalent positions for the space 
group P2,/c. (The standard notation places the centre of 
syumetry at the origin.) §oecial positvons are Sers or 
particular locations which are,related by the symmetry ele- 
ments, and at which objects (molecules) may be placed if 
and only if they have symmetry which is identical to that 


of the cell. 


tt.  <- hey Direraction 

A. Laue Equations 

X-rays are electromagnetic radiation with wave- 

lengths in the range 0.1 to 100 A. TheyeatTe sproaucea Tor 
diffraction purposes by cecelerating rapidly moving elec- 
teons very quickly by collision with a metal target, and 
Converting: Cicir elergy Of motion into aaquantum Of yadia— 
tion, The most useful X-rays for studying molecular struc- 
ture have wavelengths in the vicinity of l A which is com- 
parable to interatomic distances in crystals. The periodic 
Structure Of a crystal “can be used to ditfract X-rays) just 
as gratings are used to produce diffraction patterns with 
visible light. Diffracted X-rays are observed only in 
certain allowed directions determined by the repeat dis- 
tatice of the periodic structure and the wavelength of the 
Tadbacion, § The direction tor which difiraction ocauncs 


may be defined by three equations called the Laue equations: 
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a(cosy,-cosy,) = hid 
b (cosy, -cosv,) = kid 
c (cosu,-cosv,) = 2X (1) 


where a, b,\c are, therrepeat distances in the unit cell; 
Uy, U5, Hz are the angles between the incident beam and 
the@ea, D and Cc axes respectively: \ 


Ve are aewangles 


ema Space| 
between the diffracted beam and the axes; A is the wave- 
LengrieOl cic, “-ladiation;, Ny hyve Musee Integers 1f 


Construceive Interterence: 1S EO occu. ~see;rigure 1 for 


l-dimensional case. 


Ba Bracd Ss) baw and the Reciprocal. fabkeice 

Another way of defining the conditions for con- 
structive interference in the diffraction process is by 
Bragg's law: 

2dSine =n (2) 
Here d is the perpendicular distance between successive 
planes in the crystal; 6 is the angle between the incident 
X-ray beam and these planes; n is an integer and i is the 
wavelength of the radiation. (Figure 2) 

Rt ChYS. POLNL. LE LS Convenient to antroduce the 
concept of reciprocal space and the reciprocal lattice, 
since information available in interpreting X-ray diffrac- 
tion geometry is often in terms of reciprocal parameters. 


By considering Bragg's law in the form siné = ni\/2d it is 
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Laue Equation: Definitions in One Dimension 
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Figure 2 


Bragg's Law Definitions 
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seen that sin®? which measures the deviation of the dif- 
fracted beam from the direct beam varies directly as l/d. 
The “eciproeal latticeéris based on this quantity l/d:; 

from an arbitrarily chosen origin, normals to all possible 
direct lattice planes hk& of length 1/d, 19 are drawn with 
Gag equal to the perpendicular distance between planes 

in the hk& set. The set of points so determined constitutes 
the reciprocal lattice. Some of the relationships between 


the direct and reciprocal lattices for the triclinic case 


are given in Table IV. 


Cc... Geometry Gi A=Ray Diffraction 
The Laue equations may be applied directly in 
interpreting the geometry of X-ray diffraction. If a crys- 


tal rotates about one of the umit cell axes, say the a axis, 


with the incident X-ray beam normal to this axis, es 90° 
and COS, = 0. If h = 0, the first Laue equation is satis- 
fied for es 90°. As the crystal rotates, positions are 


reached such that the remaining two Laue equations are 
simultaneously satisfied and constructive interference 
occurs. The allowed directions (vy = 90°) are always ina 
plane normal “to the axis of rotation. For values of h 
Gther than © there is a cone of diffracted radiation with 


a half-angle of (90-v,)°. The diffraction pattern may be 


seen by wrapping a cylinder of film around the crystal. 
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The resulting photograph consists of a series of spots on 
straight lines, one line per value of h, whose separation 
can be used to calculate the length of the crystal axis, 
als | 
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where A is the wavelength of the X-rays, r is the radius 
of the cylinder of film and y is the f11m distance from 
row 0 to row h. 

The lengths of the other axes, the angles between 
these axes, as well as the crystal system and space group 
are best obtained with the aid of Weissenberg and preces- 
Sion photographs. The Weissenberg camera allows each row 
of the rotation photograph (corresponding to one value of 
h) to be expanded to cover the entire cylindrical film. 
From these films it is possible to deduce two reciprocal 
cell dimensions and the reciprocal angle between them, thus 
béing able to calculate the unit cell 7 volume. The symmetry 
of the oscillation and Weissenberg photographs as well as 
systematic absences (discussed below) allows assignment of 
the crystal system and the possible space group or groups. 
The precession camera gives an undistorted view of the 
reciprocal Jateice, and soan’ be used to provide the cell 
constants not readily obtained from Weissenberg photographs, 


while using the crystal in the same orientation as for the 
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Weissenberg photographs. 


Db, The Structure Factor 

To be able to relate the intensities of the dif- 
fraction patterns observed on £2ims to the contents of the 
unit cell, it is necessary to develop some mathematical 
descriptions. 

A simple harmonic wave may be described in terms 
©flahpoin@amovingeontascirclesat ayconstant angular velo- 
Gity, that is, a rotating vector. Since waves scattered 
by an atom will have the same velocity but different ampli- 
tudes and phases, they may be represented as static vectors 
in the complex plane. (see Figure 3). The vector repre~ 
sentation for a wave of amplitude fi and phase angle oy 
(measured with respect to the wave scattered by hypothetical 
electrons at the cell origin) is f,exp(i¢,). The resultant 
sum of j waves scattered by j atoms in the direction of the 


SCattering vector to the hke plane is given by 


F(hk2) = eee (3) 
a} 


J 


With F(hk2) termed the structure factor. The phase angle, 


Par may be expressed in terms of hk& and the fractional 


coordinates we YS 24) Gf theaatoms ame thes cell] as 
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Equation (5) may be resolved into real and imaginary com- 


ponents such tkat 
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The magnitude of the structure factor lF(hkg) |, called the 
structure factor amplitude, is quantitatively equivalent 
to that number of electrons, which if scattering in phase, 
would show the same diffracting power as the actual set of 
electrons distributed throughout the unit cell, and can be 
2 ; : a: : 
evaluated as (A” + B”) (see Figure 3). Using the above 
definitions of A and B, the structure factor amplitude is 


then expressed as a function of the coordinates of the 


atoms in the cell: 
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ture factor amplitudes. Observed values of the modulus of 
the structure factor, which may then be compared with these 
calculated values, can be obtained from X-ray diffraction, 
because the intensity of the radiation reflected from an 
hk& plane is proportional to |F (hk 2) |°. There are various 
other factors in addition to electron density which ainflu— 
ence the intensities, and the derivation of the values of 
|F(hkg) |? from measured intensitves requires correction 
for polarization of X-rays, for the length of time the 
plane is in the reflecting position (Lorentz effect) and 
for absorption of X-rays by the crystal. The intensities 
may be measured on films or by uSing counting methods 
which involve a diffractometer. 


The phase of the resultant wave is 


thine van (5) (9) 


(Figure 3), but since only the amplitude of the structure 
factor is determined experimentally, the A and B parts are 
not resolved, and the value of the phase angle cannot be 


directly measured. This is known as the phase problem, 


E. Electron Density as Fourier Transform of the 
SELUCture accor 
AP perLodle Tunecion scan he Represented Dy a 


Fourier series which consists of a summation of sine and 
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COsine terms. *o1nce a Crystal 1s periodlc, Lis’ electron 
density can be represented by such a series. The follow- 
ing equation gives the three-dimensional periodic electron 
aenerty aba poame Ma vy, Z)" ine the unit cell, where mno 
are any integers: 

Chavze, 2 Col kP (274 (mx+nytoz) ) CG 

mn,o=-© Ltd 

On substitution of this expression for electron density 


into the structure factor expression given by equation (5), 
F(hk2) = fo (xyz) exp (27i (hxtky+2z) )dv C1) 


On simplifying, it can be shown that the Fourier coeffici- 
ee ; 

ents aes = GP (hk2) and mno are identical to hkz. Thus 

the three-dimensional Fourier synthesis of the electron 


density can be written as 


p(xyz) == Pithk®)exp (2nd (hxtkyri2)) (12) 
F. Modifications of the Structure Factor: Friedel's 
Law 
Calculated structure factors are modified to 
account for thermal vibration by introducing a temperature 
factor, The structure factor then becomes 


F(hk2k) = bE exp (2nd (hx +ky +225) )exp (-B, (sin 0/)°) Ci) 
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where ee is proportional to the mean square displacement 
OGvatons| froma s equa librium position. Anisotropic "tem- 
Derature actors can=be Weed’ tovaccount or variation with 
direction of the amplitude of vibration. 

For a molecule with a centre of symmetry, if 
there is an atom at vous Pa a) there is an identical 
acLoneatul=xK.) —Vie meat For- atoms not related by the 
centre, equation (6) can then be written: 


F(hk&2) = LE. (cos27 (hx.+tky.+2%z.)+cos2n (-hx.-ky.-22z. 
eames ‘oe a Sib AN ALE 


+ixf£.(sin2n (hx.tky.+2z.)+sin27 (-hx.-ky.-2z.)) (14) 
sa epors ie sh mags 


Since cos(-x) = cos(x) and sin(-x) = -sin(x), equation (14) 
reduces to 


Pihke) = 2k -COoszwinxaerky ste.) C15) 
cee J ) J 


So for centrosymmetric crystals, the imaginary component 
has vanished, and the phase problem has been reduced to 
decici not he tengo 'ol Finke): 


bi Saecrystal does. net have arcentre of symmetry, 


ew 


P(nke) = AChHKe +i B(hky); F(hk2) = A(hk&)-iB(hk2). (16) 


(F(hk2) is identical to F(-h -k -2)) 
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The intensities in either case: are proportional to hates 


Since the hk& and hk& planes have the same intensities, 
the diffraction pattern has a centre of symmetry. This is 
Friedel's law. As a consequence of this law, it is not 


possible to tell from inspection of films if a crystal is 


Centrosyumerric, Suc Ene presence Of 4 centre Cansbe revealed 
either by the structure itself once it is derived or by 
statistical analysis of the distribution of intensities 
about the mean, 

An exception to Friedel's law occurs in the case 
of anomalous dispersion. This happens when the incident 
X-ray wavelength is near an absorption edge of a scatter- 
ing element in the crystal. Mathematically, the result of 
thas is to cause the atomic scattering Lactors for these 


atomss to He scompolex numbers, 


G. Systematic Absences 

It is now possible to discuss the assignment of 
the space group of a crystal from a consideration of sym- 
metry and systematic absences. The crystal system can be 
assigned! bya study of the symmetry expressed on the 
Weissenberg and rotation films. For example, if a mirror 
plane perpendicular to the rotation axis) 15 seen son the 
oscillation fulm, end two mirror planes 90° apart on the 


Weissenberg 0 level film, then’ the crystal is said to have 
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mun symmetry characteristic of the orthorhombic (or higher 
symmetry) crystal system, The assignment of a particular 

Space group is often facilitated by the occurrence of sys- 
tematic absences. For example, 32 there isa c “glide plane 
perpendicular to the & axis, then: for an’ atom at (x, yy; 2); 
there is an equivalent atom at (x, y, zt). The contribu- 


tion to the Structure factor of these two atoms is 
F(hk£) = (exp (27i (hxt+ky+2£z) )+exp (271i (hx-ky+224;2)))£ (17) 


If k = 0, F(hO2) = exp(27ni(hx+2z)) (l+exp (2712/2) )£ 


I 


exp (27i (hx+2z)) (1+ (-1)")£ (18) 


Outer £ odd 


i 


Zzexp (271 (hx+22)£ for © even. 


Unless 2 is an even number, h02 reflections will be sys- 
tematically absent. Thus the absence of h0O2 reflections 
for £ odd is indicative of a c glide plane perpendicular 
to b. Similar derivations reveal other characteristic 
absences as given in Table V. 

By a consideration of these absences, the space 
group Of the crystal, if not uniquely determined, can at 


the very least be narrowed to two or three choices. 
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Systematic Absences 


Symmetry 
Element 
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Table V 
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Ill. Determination of “Atom Positions 

Atom positions within the unit cell cannot be 
directly inferred from the observed intensities. As 
previously described, only values of JF (hk2) |? are 
available from intensity data, while values for F(hkg) are 
needed to map out the electron density and thus determine 
the structure. That is, the phases as well as the magni- 
tudes of the F(hk&) must be found. There are several 
methods by which phase information may be extracted from 


the intensity data. 


A. Patterson Synthesis 
One way is by a Patterson synthesis. The Patter- 
son function is derived by taking the product of the elec- 
tron densities as expressed by equation (12) for points (x, 
y, Zz) and (xtu, ytv, zt+w) and integrating over the volume 


Of the uniercell: 


Eee ss re F (hk2)exp(-27i (hxtky+2z)) 2 
ee 0° 0 oh,k,2=-© h,k,2=-© 
(hk?) exp (—2 7h xu) +k (yy een (24w)) dxdydz (293) 


This leads ongsimplification Lo 


Ce y fw) = | ?cos2n (hutkv+2w) (20) 
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The Patterson function P(u,v,w) reaches maximum 
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Vadiviesnatathstpoints “(u,tve w)ewiteh@correspend to the 
coordinates of vectors between pairs of atoms. The Pat- 
terson function can be used to obtain a map of the vectors 
between atoms. There is a Patterson peak for each inter- 
atomic vector, The function has a large positive value at 
the origin corresponding to the vectors from each atom to 
itself. A crystal structure investigation usually nlsnae 
the caiculation of the Patterson function at a large num- 
ber of points throughout the unit cell, so that those points 
where P(u,v,w) is large can be found. The interpretation 
of the Patterson function is complicated by the following: 
1) it there are N atoms an the uniercel ly gichere are jee 
N)/2 peaks other than the origin which are independent. 
Thus, the map is crowded. 2) Because the atoms are not 
points, each Patterson peak occupies a considerable volume 
which causes overlap of peaks. 

FOr enese Treasonus, Patterson maps axe Most uwse- 
ful for molecules which contain one or more atoms which 
have appreciably higher atomic numbers than the others. 
Since the atomic scattering factors increase with the num- 
ber of electrons the atoms have, the heavy atoms will con- 
tribute more to the structure factors. Because. the, RPat= 
terson peak heights due to these heavy atoms are propor- 
tional to the electron density at each atom, they may be 


easily picked out,and the heavy atom positions so obtained 
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used in calculations tcof the istructure ifactors. 


B. Direct Methods 

Methods used to determine the phases of the 
structurestactorskhwathout< fret tderivingeaynsetseot.atom 
parameters are called direct methods. Because the number 
of observations of hk plane intensities is much larger 
than the number of parameters involved (three positional 
and either one for isotropic or six for anisotropic tem-—- 
pet atures lactorseperaateom)/fethewstryetureetactors are not 
all independent. To derive some of the relationships 
between the structure factors, it is necessary to define 
a unitary structure factor as U(hk2) “= ee If the 


structure has a centre of symmetry, this can be written: 


U(hKY) = In.cos21(hxi+kys+22.. ) G25) 
ined J 3 a 
where vac = 7 seer Using Cauchy's inequality: 
1. 
eee en pie (22) 
3 + 1 shel << 
ith a. = % and b, = (n,) *cos2n(hx,+ky,+22,), it fol- 
wit a = oT and b). n).) “cosét (hx, +ky Z,), it fo 


lows that 


2 2 : 
= 7 - 4 <— Se < “AG 
RAVOCIE EAM aver O a ee. am (hx, +ky,+22)) (23) 


Since a = 7 and cos*A = (l+cos2A)/2, the inequality 
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U(hk2) ss (14U (2h 2k 22)) (24) 


Can Be obtatnec. As an example, Tf U(130) = O25 and U{260) 
= 0.6, then the sign of U(260) must be positive to satisfy 
the inequality. Another inequality for centrosymmetric 


structures is: 


U7 (hk 2) 4+U7 (h'k' 2!) 4U2 (hth Neen se et 


SM+2ZU(hKL) Uh es Se) Chen keke ene 165025) 


These are known as Harker-Kasper inequalities. 
Thus 2f the sions of U(hk?) and U(h' kh’); symbel— 
Lzeq by C(nks) -and Sith"K-t"); respectively, ere known that 


of U(hth' k+k' 2+2') can be deduced from equation (21) as 
See  k+kK 248") SS Ske) Sith ke) (26) 


provided the structure factors are large. The probability 
that -chis’ will give the correct, sign for F(hth® kK+kK’ 9+") 
increases as the magnitude of the structure factors involved 
increases. Once a few signs have been determined, equation 
(23) can be used to generate more signs and so on. The large 
structure factors required for this process are also those 
whose phases are most needed to produce a useful Fourier 
representation of the structure. This method was devel- 

oped) by eD. oM, Sayre, with more recent reviews on it found 
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C. Completing the Structure 

Once the phases of some Olethesstructure actors 
Havesbeen determined, al Fourieremapias) calculated wand the 
atomic positions taken as the locations of the maxima of 
the electron density functions: The atomic positions: and 
the parameters describing thermal vibration are then refined 
by means of a least squares calculation, which minimizes 
(2 


the function SOS) oe eae ,) With wea werghting function, 


calc 
The resulting parameters are those which produce the most 
accurate values of interatomic distances and bond angles, 
while at the same time give the best agreement between cal- 
culated and observed structure factor amplitudes. This 


agreement is usually expressed mathematically by a residual 


OL fe tactor: 


7s Wee a oe ee le 
~ obs’ * calc 
ih age ame Oe 


obs 


or by the so-called weighted R factor: 


2\5 
Lw(|F |-|F oa 
Ry a obs aoe (28) 
tw] F ops! 
with w a weighting factor. R, is’similar comatnormnalazed 


Standard error and more closely approximates the true 
Statistical quality Of “the tetinement than does Rj + EG 


can be aod however that both Ry and R, become smaller 
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if the number of observations approaches the number of 
parameters, and so the proviso must be added that, pro- 
vided the number of observations greatly exceeds the num- 
is 


ber of parameters, the smallness of R or better Rk 


lie 2. 
anmeasurevorethe reliability of theeinformation ‘given by 


the structure. 


IV. Experimental 

The molecules studied during the course of this 
research being very similar, it is natural to suppose that 
many of the crystallographic techniques used would also be 
Similar. To this end, this experimental introduction will 
discuss some of the generally applied methods and computer 
programs, while “the individual vagaries of the molecules 


will be given each in its particular chapter. 


i The Collection end Comrection of a2 Set of Inten= 


All data sets were collected on the manual Picker 
four circle diffractometer using either Cuk, os MoK) X- 
radiation monochromated by a graphite single crystal (002 
reflection). A coupled w/29 scanning technique was used 
with a scan rate of 2°/minute. Backgrounds were estimated 
from 4a Linear interpolation of two: stationary crystal, 
stationary counter measurements made at the limits of the 


scan. The diffractometer settings were calculated by the 
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program MIXG2 written by P. Shoemaker. 

Accurate cell parameters were obtained from a 
least squares analysis of a number of high sin® reflections 
of widely varying hk& values, which were accurately centred 
in the counter window of the diffractometer, using Cuk , X= 
radiation (A = 1.54051A). A listing of DREFINE, the pro- 
gram used for this analysis, and a discussion of its gener- 
ation and scope are given in Appendix C. 

The stabilities of the crystals used throughout 
this study were monitored by periodically measuring a 
small number of reflections of varying sin® throughout each 
data set collection. These were then available as a basis 
for decomposition corrections if required. 

All crystals were corrected for absorption effects 
using W.C. Hamilton's GONO9 program. Reflections which 
were independent of » except for absorption effects (for 
example, the h00 reflections when the crystal is mounted 
with a coincident with the ¢ axis of the diffractometer) 
were measured in 10° intervals from 0° to 180° in ¢. Their 
Gonsistancy after correction. for absorption gave reassur= 
ance that the absorption corrections had been applied cor- 
rectly. The dimensions of all crystals were measured using 
a calibrated eye piece on a microscope. Generally, perpen- 
dicular distances between faces were measured. 
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second, all reflections whose peak count exceeded this were 
re-examined at lower values of the’ current. Appropriate 
corrections to these strong reflections were applied. At 
the completion Of relinement, systematic eCrrors due CO sec- 
ondary extinction (attentuation of primary X-ray beam by 
the transfer of energy to the reflected beam) were analyzed 


for” by comparing Bo and Bo Values. Ins" aiy’ Very Strong, 


bs alc 


very low siné (<0.1) data which showed F eG were 
obs eee. 


reyected. 


B. The Solution and Refinement of the Structure 
The intensity data were corrected for Lorentz 
ands polarization effects and reduced to Structure factor 
amplitudes using the program PMMO, a local data reduction 
program. Standard deviations+ for each observation were 


computed using 


— Tate _ 2 8 1 2, % 
CLOW) Det (ORTON 25 te /ty Al Baie») ee) i) 


where CT is total integrated peak count obtained in time 


tui By and Bo are background counts each obtained in time 


. _ mkt aes: . 
thi and I uh st /t, (By Bo) 


ine variability and has values around 0.03. A rejection 


The p term allows for mach- 


criterion of the form I/o(I)<T was used to eliminate unob- 
served reflections from the refinement. T was usually 3.0. 
Unless otherwise noted, the positions of the 


transition metal, silicon and any other heavy atoms were 
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located using a Patterson map generated by the program 
BORDAP,, written, bywA++Zalkin sandimodtitied by.B.iM. Foxman. 
These positions were used in a least squares refinement 
using thesprogramhsruss twreatten by ae. oP. Prewitt aa 
moda fvedrby IMi ml] ~tBennettaand By My Foxman, fromiwhich 
electron density difference maps were obtained again using 
FORDAP. From these difference maps it was possible to 
locate carbon, oxygen and in some cases hydrogen atoms. 
The atomic scattering factors of Cromer and Waber® were 
used for all atoms except hydrogen with anomalous disper- 
Sion corrections Ai* “and Ar’ as) found an the International 


ariel Es 6) 


Crystallographic Tables applied to silicon and heavier 


atoms. For hydrogen, the experimental scattering factors 


of Mason and Robertson*+ Or of Stewart, Davidson and Simp— 


12 
son were used. 


During refinement using the program SFLS5 or 


SFLS5 as modified for hindered rotation by W. aeeehecne | 


ie 


the function minimized in each case was iw(|F eas 
obs Cale 


2 
with w = l/o”’(F ). The residual factors used to measure 


obs 
the degree of difference between experiment and model are 
Given by equations (27) and (28). 

THe AneErOdUCTiOn, Of anpeotropicetemper ature fadc= 
tors was undertaken only if justified by electron density 


difference maps and by the Hamilton*4 statistical test 


(significance level 0.05). 
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Tables of bond lengths, bond angles and non- 
bonded contacts together with their estimated standard 
deviations were obtained from the program ORFFE2 written 
by W. Busing and H. A. Levy. Equations of planes and 
deviations from these planes were found using MGEOM by 
J. &. Wood. All molecular diagrams, both perspective and 


packing, were obtained from ORTEP written by C. K. Johnson. 


ubidiésy S8TUO eespotq 2? eset Ganesan stew santsed Z ; 
Stn Seale Ao wenoiieo syed WO hee netael ses 7 
re ONE Gates aezot uso aenkig-aesdy wong cimitelveb — 
_ _ a 

ans ov itdagaebg jens ie Ant amialow Lia «boat .& ; - 
pntadins 2 (yd waa hes i net Menke anew pabstoeg: 


a 
ae 3 
oo 


a 


_ 
- 


i 
) 
Gea Le 
_ 


Cheer rae ae 


General Chemical Introduction 


3h 
GENERAL CHEMICAL INTRODUCTION 


Transition metal carbonyl hydrides were first 


known in the 1930's when for example iron carbonyl dihy- 


dride Fe (CO) ,H, was prepared by Hieber and Léutert’> and 


cobalt carbonyl hydride HCo (CO) , by Coleman and Blanchard,*° 


but not until the last ten to fifteen years have these com- 
pounds been fully characterized. “In 1955, a high’ field 


NMR proton absorption was assigned to the hydridic hydrogen 


Lid 


in HRe (C.H (T= 22°75) “and” subsequentl4,,” this’ hagh 


5) 2 
Piela*eshire (t= 15-40), was founds to: be characteristic of 
all hydrogen atoms bonded to transition metals. This im- 
plication of high shielding led to the concept of very 


short metal-hydrogen bonds, and indeed, the hydrogen was 


15 ck6y Ls 


often thought to be buried in the metal orbitals 


rather than being a stereochemically active ligand. (More 


recent interpretations of the high field NMR shift attri- 


19,20,21, 


bute Tt to'more subtle electronic factors Nee 


the same time, there was indirect evidence for hydridic 
hydrogen occupying a stereochemically significant position 
ae Pe 25 
in compounds such as HPtcCl] (P(C.H.) .CoHe), , HPt (P (CjH,),),Br 
: 24 
B ‘OyP(C 
and HOsBr (CO) P (C,H) 3. 


a space was left that if filled by the hydrogen would com- 


Their geometries were such that 


plete a more cc less regular geometry. in 1904 an X-ray 
See 
p.| t 


xs 


and neutron diffraction investigation of ReH, showed 
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° 
the Re-H distance to be 168A, thus locating fiydridac hydro- 


gen positively for the first time. A similar study by J. 


2) 
= 


gen conclusively and showed the hydrogen occupied a defin- 


Ibers on HMn(CO) im 1969 also located the hydridic hydro= 
ite coordinate position with a normal covalent bond with 
the metal of length 1.60A. X-ray crystallographic evidence 
for the hydridic hydrogen atom locations had previously con- 
firmed a stereo-chemically significant location for it with 
normal bond lengths in most cases (for example HRh(CO) 

28 8) 
(P(C-H.) 3), and CoH (N,) (P(C,H.) 3) 3 Nee 
gecirern ((C-H.) .F),HRh.LC,H. where there is no obvious 


stereochemical position for the hydrogen. 


An exception does 


Studies of polynuclear transition metal hydrides 


have suggested the hydrogen can be in a bridging position 


: 30 Syl 
as’ for example in HMnRe, (CO), , , P(C-H,) ,HMn. (CO) 4 
-32 : = 35 poe : 
{ , = 
HRe, (CO), 5 and HCr.(CO) 49 . The bridges range from 
bent to linear: 
GALS Soo ye ae 
P H— Re—H 
Noe 
(CO) ,Mn—~«In (CO) , (CO) ,Re— Re (CO) 4 
H 
(CO) ,Cr-H-Cr (CO) « COE ar Meu 
Mn 


(CO) 5 
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Transition metal carbonyl derivatives that contain both a 
hydride and a main group IV substituent other than carbon 
are by no means abundant, but a few examples can be found, 
particularly in work done in this department. A selection 
of such compounds together with available structural infor- 
mation is given in Table VI. 

As can be seen from this table, there are two 
basic types of hydrides formed by substituted silanes and 
transition metal carbonyls-mononuclear and binuclear 
Reactions bu disubstituted silanes have resulted in bi- 


nuclear hydrides as in the case of the formation of 
eee) 


See Wo CeOy) 


2W (CO) ¢ +f: (CH,) ,SiH, 1952 (CH3)5 + 200! H. 


. : : Li) ee Ee . A 
W. (CO), pSi (CH), + (CH,) .SiH,——-*HW, (CO) 9 (SA (CH3) 5) 5 + 2CO 


These reactions do not occur with first row transition 
metals; however, with these, mononuclear species may be 
obtained by reaction of trisubstituted silanes with transi- 
tion metal carbonyls,as for example in the formation of 


. _35b) 
("-C,H.) HMn (CO) Si (C pH.) 3: 


} : Serratia eee ; 
(m-C.H.) Mn (CO) , te Ae SiH—— (7 CoH.) HMn (CO) .Si ( 


fs! CAH.) 


By further reaction with substituted silanes, another car- 


bonyl group can be replaced by the silane as in the forma- 
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F ‘ 36 
t10n OL (CT C5H.)HFe (CO) (Sicl,).: 
‘ hv : 
[(m-C.H-) Fe (CO) 5], + HS1C1,———» (1-C,H,) Fe (CO) ,Sicl, 


: hv ; 
(7-C.H.) Fe (CO) ,Sicl, + HSiCl..———+(m-CH.) HFe (CO) (SiC1 3), 


The structures of one binuclear species, 
HW. (CO) 9 (Si(CoHe) 5) 5, two monometal monosilicon species, 


HFe (CO) ,Si (C,H and (m-C,H,) HMn (CO) .Sicl., (CgH,), and one 


5)3 
monometal disilicon species (1-C.H.) HFe (CO) [Si(CH3) 5 (CcH.) 15 
form the main body of this thesis. These structures were 
undertaken to obtain structural information on compounds 

of these types, particularly with respect to hydrogen loca- 


E1OnNweaiG sare. part Of a Continuing study on silyl 


substituted transition metal hydrides. 
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INTRODUCTION 


The reactions of disubstituted silanes with 
second and third row transition metal carbonyl derivatives 
produce an interesting series of polynuclear species con- 
taining hydridic hydrogen, The first members of the series 


synthesized had stoichiometries of the form 


(1) HoRe, (CO) SiR,, (R = C,H, ,CH,,C,H,) ; 

(2) H,Re, (CO) ¢(SiR,) 5, (R = CH, ,CoH.); 

(3) HoRe, (CO) 5 (SiR,) 4, (R= CH, CoH.) 
and were formed by the reaction of dirhenium decacarbonyl 
and theldppropriate diaryl or dialkyl Silane.” Both, the 


= 


Structure Or HRe, (CO) .Si (C,H and spectroscopic stu- 


) ~ 
eee 
dies on the above compounds pointed to the formation of a 
new type of hydrogen bridge in which the hydridic hydrogen 
is bonded essentially in a terminal fashion to the rhenium 
atom but is at the same time also weakly bonded to the sili- 


cGn catom.. The qeometry of the BexSa.. unite an the struc— 
g fae 


: eid ; oe 
: é Re AO ae ek 
(Sac0C Hedo)5 and H Re» (CO) _ (Si(C,H.) 5) 5 


tures H.Re. (CO) pas A 


Ze 8 
is unchanged by the formation of the postulated silicon 
hydrogen bond, although this was not known when the 
research described in this chapter was begun. 

With tungsten hexacarbonyl, analogous ditungsten 
derivatives might be expected, and indeed, HW, (CO) .(S1IR,) 5 


is formed according to the reaction 
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SLR SLHER 


ye? | ; Dek : 
W (CO) 6 Sera Wo (CO) 10 (SiR,). 7 HOW. (CO) 3g {SiR,) 5 


The structure of HW. (CO) , 


forms “(ne topre ton this chapter. Gix structures 


(Si(C,H.) 4), was undertaken and 


appeared possible 


(CoH5)9 melas (cAiee 
Si H---7°!2--=H Wee tee 
co Zi ie (CO) a aes aa 
ATT INE lg ea” 4 (Co), W———w/(co) 
me ey ere 4 Sc (4 
Siw Vem! Sanh 
(CoHs)o ISHREY > (oe) 
(CoH5)2 CoH) (CoH5)2 
Si ~ ve etl eee! 
(co), Mew W(CO), (co), a ale (co),W——wI{c 0), 
H Si 1 V Bea Slee ay See 
(Cy Hs) (C2H5)2 (CoH«)o 


These structures show the variation from pure terminal 
hydride, through terminal hydride with weak silicon hydro- 
gen bond to definite insertion of the hydrogen atom into 
the tungsten silicon bond. Assuming there is no fast ex- 
change, spectroscopic evidence would eliminate all cases 
in which both tungsten atoms were not equivalent and both 
hydrogen atoms were not equivalent. This compound is 
especially useful, since if bridging did occur, the un- 


bridged distance is available as an internal reference. 
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EXPERIMENTAL 


The compound HW, (CO), (Si(C was prepared 


B22 
by J. K. Hoyano and was recrystallized from n-hexane to 
obtain yellow crystals suitable for single crystal X-ray 
uLriraction studies. | *Rotacrony Cuk Weissenberg hko,hk1, 
hk2 and MoK precession h0% photographs showed the compound 
to be monoclinic with systematic absences h02 for h+% = 
2nt+l and OkO for k = 2n+1 determining the space group P2,/n, 
a non-standard setting for P2,/c. Thiet unit) cel lewase found 
porneiay = O° 2h 4S Ob eadio Gah) Mies eo Waen peea= 

Or, OC Polat (22° Clatrom ai ileast squareen analysis Of *weilve 
reflections of high sin@é/A. The density was determined 
experimentally as 2.04 gm/cc by means of flotation using 
aqueous zinc iodide. It agrees only poorly with the cal- 
culated density (2.165 gm/cc) found for two molecules/unit 
cel by va, cno Lecuban weight of 7.66.2 and, unit cell volume 

dela 22 nae: Several possible reasons for the discrepancy 
arise: seh). defective crystals; 2)..contamination by: a; simi- 
lar but less dense compound; 3) incorporation of a small 
amount .of solvent into, the lattice.. Under microscopic 
examination the crystals used to determine the density did 
not have any obvious defects, while contamination by the 
molybdenum analogue was ruled out by mass spectrometry. 
However, a solvent occupancy of perhaps 5% does appear 


feasible as this would adjust the calculated C,H and Si 
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analyses toward those actually found. (Table ide » Further 
evidence for solvent occurs in the mass spectrum which shows 
aw peak ato wasn, @COnSsUst ene with oes eee 
this»peak is also consistent with that for the an (Et 


Untonmtunarely, 


fragment. However, the dimethyl analogue also shows an 
intense peak at 86 a.m.u. and in this case the only obvi- 
ous source of the peak is the solvent, n-hexane. 

With the crystal mounted so that a* was coincident 
with the diffractometer ¢ axis, intensity data were col- 
lected using CuK radiation, a 26 limityor 100> “and a scan 
covering +1° in 20 of each peak. Backgrounds were counted 
for 30 seconds. Hight reflections with varying 26 values 
vere measured periodically as standards during the data col- 
1ection; these showed that decomposition which was a linearly 
dependent function of time and of siné/A occurred. On this 
basis, a decomposition correction was applied, after which 
the standards showed variations consistent with counting 
statistics alone. At the end of data collection the high 
Sinod/) standards had falien to about 802 Of their initial 
values. Of 1214 independent reflections measured, 945 were 
found to be above background using a criterion Woes 

The crystal used for data collection was of 
approximate dimensions 0.15X0.10X0.12 mm with crystal 
faces of the form {100} and alain oP An absorption correc~ 


tion (u = 10.90 cm™*+) was applied using the h0O, h = 2,4, 
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6, reflections measured in 5° intervals in o from ¢ = 0 to 


@ = 180° as a check. After correction, these data showed 


an internal consistency of +1% on |F 


oe 
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Composition of HW. (CO) g [Si (CoH) 5], 


47.71 


o od 
25.16% ~ 
25.08 16.70% 
25.42 16.61 
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46. 
SOLUTION AND REFINEMENT 


P2,/n is a non-standard space group whose general 
positions were derived as (x,y,z), (X,¥,Z), (stx, %-y, tz) 
and (4-x, %+y, %-z). With two molecules/unit cell, the four 
tungsten atoms: must be located at the general positions. 

Tne Sargesespeaks on the Patterson occurring at (0.5, 0.33, 
OO ene 80 Oo) ANGwi(ies, Oto re Ui ane, Voents tT 1e8q 
ao ep 2¥ oy (an2k, BS, S- 22) “and. (255) zy 22)) respectively, 
Give the tungsten atom location (%,y,2)) as (0:15, 0.09, 
O,015).. the location of the silicon atom from the Patterson 
fep Was found to be (0,09, -0.09) +-0,09) by a consideration 
of the W-Si vectors. An electron density map computed using 
structure factors phased by the silicon and tungsten atoms 
allowed the location of all but one of the remaining atoms. 
The C8 atom was found from an electron density difference 
map computed using structure factors phased on all the 

other atoms. 


During the course of refinement, three molecular 


i 


models were tested. First, with all atoms isotropic, Ry 


Oriel, Ro =), bi, | ALLEGED corrections for cCeGomoos ition wand 


absorption, the tungsten and silicon atoms were allowed to 
be anulsotropic with resulting residual Tractors R, = 0.045 
and Ry = 0.059, Finally all atoms were allowed to vibrate 
anisotropically causing R, = O030 “and Ra = OU Sine ae 
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isotropic model for the decomposition correction could 
introduce a systematic error into the data that would 
influence the anisotropic temperature factors. The aniso- 
tropic refinement did not change the fractional coordin- 
ates significantly, but it was essential to attempt the 
computation of corrections for thermal motion. 


With the completion of the refinement, the stan- 


dard deviation of an observation Of umit weight was 1.27. 


(Defined by o = Iw(|F FP 1)? /(m — ii) wlth m the 


ae calc 


total arene of observations and n the number of rejected 
observations.) The largest shift in any parameter was 
less than one of an estimated standard deviation as ob- 
tained from the final least squares cycle. Final electron 
jens ey maps: computed sing 1) allydata; 2)data limited 
by sin@/A 0.3 showed no direct evidence for hydrogen atom 


locations. The all data difference map showed densities 


[e) 2 
: Tee 
ranging Lrem -O.41 £070.68 2 A * 


Table VIII lists the observed and calculated 


both 


structure factor amplitudes: 10|F,, | and LO Rete | 


in absolute units of electrons. The final positional para- 
meters and anisotropic temperature factors for all atoms 
are given in Table IX. The estimated standard deviations 


were obtained from the inverse matrix of the final least 


squares cycle, 
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RESULTS 


The molecular geometry and numbering system used 
are shown in Figure 4, while the atoms in the plane of the 
heavy atom core are shown in Figure 5. The molecular pack- 
ing viewed down a,b,c respectively are shown in Figure 6, 
7, 8. These drawings were all made using the program ORTEP. 
Tables X and XI give the bond lengths and bond angles 
respectively. Some intramolecular contacts are listed in 
Table XII while Table XIII gives the intermolecular con- 
tacts. These results and the estimated standard deviations 
associated with them were calculated using the program 
ORFFEZ. MGEOM was used to calculate the least squares 
planes and the distances of selected atoms from these 


planes as given in Table XIV. 
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Figure 4 


Perspective View of HW. (CO) p[Si(CjH,) 4] 5 
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Figure 5 


W5Si, Structural Fragment 


Figure 6 


Packing of HW, (CO) g{Si(Cj He) ol, down the a axis 
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Figure 7 
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Figure 8 


Packing of HW, (CO), [Si(C.H.) 4], down the c Axis 
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Table X 


Bond Lengths '2) 


Uncorrecred Corrected Corrected 
Atoms Distance (A) Distance (A)‘P)  istance (A) §°) 

ww! ‘2 3.183 (1) z 2 
W-si 2.586 (5) Dari) 2est ts) 
W-Si' 27703 (4) Dahene 2.785 (4) 
W-Cl 1.94 (2) 1.95 (2) 2.04 (2) 
W-C2 2012) DEO 2K) ey 
W-C3 1.98 (2) 2.00 (2) 2.09 (2) 
W-C4 1.99 (2) 2,00 (2) Lee 
Si-c5 1.90(3) 195 (8) 22072) 
Si-C7 i842) 1.93 (2) 203 (2) 
Cl-01 1.19 (2) 1.22 (2) 1.40(1) 
C2-02 eaten 22 (2) as 
C3-03 Tel as(2) ipateyes We B7(1) 
C4~04 ee tea) 1.172) 1.39(1) 
C5-Cé 132513) iesas) EoG0t 2) 
c7-c8 1.55°(2) as cy Awaz) (2) 


(a) Standard deviations in parentheses refer to last digit 
quoted. 


(b) Correction for thermal motion: second atom assumed 
to rece on Eirst etom. 


(c) Correction for thermal motion: atoms assumed to move 
independently. 


(d) Primed atoms related by an inversion centre. 
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Table XI 
(a) 


Intramolecular Angles 


w'-w-si '?? 54.70 (10) C2-W-C4 el Na 
W'-W-si ogee sho C3-W-~c4 78.4 (7) 
Si-W-si' 106.03 (12) weeded? Te eral 
Si-W-Cl 88.9(5) Wesi-cs 198819) 
Si-w-c2 93.0(4) W-Si-C7 Toles ya | 
Si-w-c3 144,8(5) C5-si-c7 sock ata lela 
Si-w-c4 Hees W-C1~01 WE Molels 
Si'-w-c3 109.1(5) W-C2-02 177.1(14) 
Cl-w-c2 7.1 (6) W-C3~03 178.8 (17) 
Cl-wW-c3 89.0(7) W-c4-04 Tela 
Cl-w-c4 620507) Si-c5~C6 115.1(24) 
C2-w-c3 90.6 (7) Si-c7-cE8 112.2 (14) 


(a) Standard deviations in parentheses refer to last 
digit quoted. 


(b) Primed atoms related by an inversion centre. 
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Table XiIt 


Non-Bonded Intramolecular Contacts 


(a) 


Distance 
Atoms (A) 
SiC, 320m.) 
Se Cy Zien O Gen 
Su Cy ree or (7) 
22 Cc, 34.232) 
2 C,' Bisa Ue 
Cy C, 2.84(3) 
Cy C4 2aot Aula) 
Cy Cy! 3 Lo} 
Cy, C. 2.313) 
C5 Cy 2.83542) 
C, Co 2.84 (2) 
Ce. C. Bia: Sita) 


(a) Standard deviations in parentheses refer to last digit 


quoted. 
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DISCUSSION 


As Table IX shows, all atoms have abnormally high 
tempereture factors, These are? consistent with a Jattice 
containing a small number of sites which are vacant, or 
occupied by smaller molecules, viz. n-hexane. 

A metal-metal bond between the tungsten atoms is 
evidenced by the tungsten-tungsten distance of 3,18 A and 
by the acute bridging angle (74°) at the silicon pons 
The tungsten-carbon (carbonyl) distances range from 1.94 
TOs «0d A ren an average of 1.98 A which agrees with those 


° 
(1.96 A average) observed in other tungsten carbonyl deri- 


vatives whose structures are known ((1-C.H )W(CO) , (9-C.H.) 


Se 
WeSGAe ore He W(CO) -AuP(C He), W107) ea (bd 
° 7 ! 575 3 625° 2 * =) a7 py 
58 . 
(CO) ,BrWGeBr , Dea Ge Ae (C,H, 9S) (CO) ,ClWSnCH,C1, 20 
(4) aay The carbon-oxygen distances in the carbonyl 


GrLoupsvare Normally witha rcangeof 2.11) toxi. 19 A, average 
eS iN These groups are very nearly linear the wco angles 
averaging L76.7°. 

The geometry of the diethyl silicon group shows 
no unusual features. The two independent silicon-carbon 
distances show good internal agreement and the average, 
using tie model) for thermalymotion correction, is 1.94 A, 
the value that would be predicted on the basis of covalent 
60a) 


Pada. The carbon-carbon distances in the ethyl groups 


show a significant difference which can be resolved by 
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using the independent atom model for C5C6 and the uncor- 
rected model for C/C8 (see Table xX), 

The most interesting and See aspect of 
this structure involves the central W,Si, Sore .,.  Thas 
cluster is planar with four of the eight carbonyl groups 
lying approximately in this plane as shown in Figure Sy 
while the remaining carbonyl groups are approximately 
perpendicular to the plane. There are two distinct 
tungsten-silicon bonds of 2.596(6) and 2.703(4) A, and 
despite the high thermal parameters, it would be impossible 
LOGeSUCheasVvallacionein bond. Length. to,occurineapcentral, 


relatively rigid group as is the W Si, unit. However, the 


2 
Signiticane dimterance! in) bondelength cantbeconsideredgas 
evidence for direct insertion of a hydrogen atom into the 
longer tungsten=-silicon bond. While the actual difference 
Of 0.107 A PSonot sas large as: they0a4 A that can be esti- 
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mated for linear M-M and M-H-M systems, it is consis- 


tent with a non-linear W-H-Si and would be analogous to 


the proposed bent Re-H-Re two electron system in ee Wacelen 


The angular distribution of ligands as shown in Figure 5 

further supports the non-linear insertion of the hydrogen 
; ere eit aRs 

With SaWNC4 Chuo. and Si WCS 109, tf” S.1)'W being tie, tong 

bond. Predictions of the expected value. for a normal 

tungsten-silicon bond are uncertain due to uncertainties 


in the value for the covalent radius of tungsten: values 
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allows the effective atomic number rule to be applied to 
the tungsten atoms: each tungsten atom needs twelve elec- 
trons ptomreachn <anvimertigas configuration, eight come from 
the carbonyl groups, one from the metal-metal bond, one 
from the sigma W-Si bond and two from the bent 3-centre 
2-electron bond with hydrogen-silicon. The tungsten coor- 
dination can be discussed in terms of a pentagonal bipyra- 
mid. The two axial bonds are then to the carbonyl groups 
C101 and C202 and the five equatorial sites correspond to 
the other two carbonyl groups, the tungsten-silicon bond, 
the tungsten-tungsten bond and the 3-centre 2-electron 
W-H-Si. bond. 

As described in the introduction to this chapter, 
the rhenium compounds which appeared analogous to this 
tungsten compound have no alteration in the geometry of 
Sie CLuSter ss Ihate is, -tieyi chow mer ther. a 


eee. 


shift of substituents to accommodate the hydrogen which can 


the central Re 


be thought to occupy a stereochemical position, nor a change 
in the rhenium silicon bond length. Conversely as has been 
seen, in the tungsten compound there is direct insertion of 
the hydrogen into the tungsten-silicon bond producing a 
lengthening of the bond and a shift of other substituents 

tO oe tow for theunvarogen (Vl). “ihe, tatter tis moste likely 
the only true hydrogen-bridged transition metal bond that 


has been investigated in this series. The dirhenium sys- 
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(S2R (R = CH,, CoH.) and H5 Re, (CO), (SiR 


2 2 
CoH.) probably contain only terminally bound hydrogen al- 


though structures JI and V are possible. However, as later 
chapters will show, weak Si-H bridges appear only in ster- 
ically crowded situations not found in the rhenium compounds, 
but present in this tungsten system where one more carbonyl 


has to be accommodated. 
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INTRODUCTION 


the Crystal “structure of (1-C.H,) HMn (CO) ,Si(C He) 3 


determined by W. Hutcheon °4 showed the hydridic hydrogen to 


have a weak interaction with the silicon atom at a distance 


° 
1.76(4) A from it (compared with the Si-H bonding distance 
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Stretcen in the infrared, but ifs trichlorosilyl analogue, 


(63 Re aa) A Bergin al This compound did not show an Mn-H 
which was too unstable for an X-ray structure, did. Inter- 
preting this difference in infrared activity as indicative 
of different hydrogen behavior, Hutcheon proposed the fol- 
lowing explanation for these two compounds: In the tri- 
phenylsilyl compound, close contact between silicon and 
hydrogen is favored by a slight negative charge on the sili- 


con atom, 


WiLle in the trichiocorosilyl compound “(and “in (i7-C.H.) i 


13 


Fe (CoO) (Sicl ), the chlorine substituents cause the sili- 


3) 2 
eon to be slightly positive, thereby destablizing the weak 
hydrogen bond. In this view, then, non-interacting hydre- 
gens are expected to give rise to bands in the infrared. 
Although such bands were obscured by the carbonyl stretches 
it has the same triphenyl- 


in the case of HFe (CO) ,Si(C-H.) 3, 


Silyl substituent as (7-C,H,.) HMn (CO) ,Si(C eH.) 3 and would 
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be expected to have the same weak silicon-hydrogen inter- 
action as the manganese prototype, thus confirming the 
electrostatic rationale of Hutcheon. Deuterium substitu- 
tion studies on both compounds which might be expected to 
produce a characteristic. M-D stretch around 1300 cmt, and 
which perhaps would have shown differences between these 
compounds, were unfortunately not carried out. The struc- 


ture sot, Ube (CO) 51 (C_ He). forms= the Eople for wthis "chapter. 
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EXPERIMENTAL 


The compound hydrido-triphenyl-silyl-tetracarbonyl 


ren (HFe (CO) ,Si(C-H.).) forms colorless prismatic crystals 
which decompose with the formation of a black coating. 
Rotation and Weissenberg photographs disclosed a triclinic 
cell. The unit cell dimensions were obtained from a least 
squares refinement of 26 values of thirteen reflections 
from, crystal VIitl, as described in Appendix C.. The cell 
dimensions are a = 10.062(1) A, Deis fe) A, c= 
10.800 (6) A, Gat 2 O69 603) Oo pane lel ee eo meer Bae) hey 
The density was determined by flotation using aqueous po- 
tassium iodide to be 1.37 gm/cc which agrees well with the 
calculated densrty {1.374 gm/cc) obtained for two mole- 
cules per unit cell, a molecular weight of 428.3 and unit 
cell volume of 1034.9 A>, 

All crystals were mounted with a* coincident with 
the ¢ axis of the diffractometer and the intensity data 
within the 1 A sphere were collected using MoK | radiation. 
The peak scan 26 range was 1.4° with backgrounds counted 
fOr twenty seconds. 

Because of the severe decomposition problem, eight 
crystals were used during the data collection. Each crys- 
tal was prepared for X-ray crystallography by washing off 


the black coating with ethanol.to leave a well-formed col- 
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orless sagen, mounting the erystalgon a thin  qlass fibre, 
coating it with shellac, and covering the fibre and crystal 
by a glass capillary which had been flushed with dried argon, 
It was possible by these means to use each crystal for from 
4 to 20 hours (see Table XV). No crystal was used after 
the intensities as measured by a set of eight standard 

ret lecttons tell below 80°/. of thewinitial intensity. 
Decomposition corrections were applied to each crystal by 

a least squares analysis of the standard reflections. The 
decomposition was found to vary with siné/A, with time 
irradiated, and with absolute time. Consequently, a cor- 
rection that was linear in sin@/A and time was applied to 
each collection time period. 

Each erystal used* (except VII1) had faces of the 
form {010}, {100} and {012}; their dimensions are given in 
Table XV. Absorption corrections (u = 8.34 a) were 
applied to the decomposition corrected data. The consis- 
tency of these corrections was tested using data from the 
hoo; nh =) 35,9, reflections measured from¢= 0° to ¢@ = 130% 
in 10° intervals and corrected for decomposition. The 
internal consistency of each data set was within the limits 
of counting statistics as was tested by substrtuting values 
for o(F),wehne standard tdeviation~in £, obtained from cor- 
rected ¢ scan data, and average values for counts into the 
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where *Lprare Lorentz-polarigation factors; No is the total 


peakycount; Nbgy and abe. are background counts and Nok = 


Som ae sre solving the equation for pv, the machine ‘constant, 
gave See arene zero, * implying good internal consistency. 

After decomposition corrections and absorption 
corrections had been applied, the first seven of the indi- 
vidual data sets were merged into one set by using data col- 
lected on the seventh crystal, which included four randomly 
Selected serlections collected with Gach of the first isix 
erystals. <A least squares fit was used and after. all cor- 
rections, the standards as measured for each of the seven 
crystals were consistent with each other to an average of 
4% (range 3.2 to 4.5%). Twenty-two reflections were cor- 
Re6eclec 1Or nonlinearity of the counter. 

Of 2180 independent reflections measured, 1567 
were estimated to be significantly above background using 
a-criterion PaO in ee 

The eighth crystal was used to obtain data for 
the determination of accurate cell constants and for cor- 
recting three regions of data, each of which contained an 
inordinate number of unobserved reflections and in which 


a Ty for most obsexzved planes. The 151 reflections 
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so collected contained 133 observed datum using the above 
criteria, increasing the total number of reflections to 
1612. The significant data were corrected for absorption 
and decomposition and merged with the previous data set 
using the standard reflections. This data was collected 
and merged with the preceding data after refinement was 


essentially complete. 
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SOLUTION AND REFINEMENT 


A Patterson map was calculated using the uncor- 
rected data set with the expectation of finding the two 
iron and two silicon atoms contained in the unit cell. MThe 
space group Pl was assumed. The vector list, its multipli- 
Cities, and relative weights are given in Table XVI. Upon 
examination of the Patterson map, four possible solutions 
as given in Table XVII were apparent, with the second being 
chosen as the most probable since it alone gave both a 
good Fe-Si distance (2.3 A) and had a peak corresponding 


EO (2x05 2¥ aq 2Z,.:). A least Squares refinement using 


Sa 


structure factors phased on the second solution gave R 


i 
0.24 and Ro = 0. 31 but an electron ‘density map did. not 
reveal the positions of any of the remaining atoms. At 


this point, corrections were made for the decomposition, 
but again the observed Fourier map did not locate any atoms 
other than the input iron and silicon. Since the space 
group could be Pl rather than Pl, the data was tested sta- 
tistically for the presence of a centre using the program 
FAME written by R. Dewar and A. Stone. The distribution 
found, as well as that expected for centro~ and non-centro- 


symmetric structures, is given in Table XVIII and clearly 


f 


confirms the choice of Pl as the space group. At this 
Boint, Lt was decided’ to use direct: methods to Solve the 


structure, With the original data set and using the pro- 
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Table XVI 


Patterson Vectors 
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gram FAME to choose six hk& planes of large relative inten- 
sity and interaction, and the program MAGIC also written 

by Dewar and Stone to assign signs to the three non-origin 

defining planes, the method of symbolic addition developed 

by Sayre” allowed the phases of the 250 relatively strong- 

est intensities to be determined. An E(hk2) map, 


2 
E(hke)2 = Leake) | 


eLne 
J 


with € a measure of the systematic absences in the data, 
phased in this way showed the iron and silicon in the posi- 
tions dictated by the fourth Patterson solution, and also 
located the carbonyl groups and phenyl rings. A least 
squares refinement with the phenyl carbon atoms as rigid 
bodies and all other non-hydrogen atoms as isotropic atoms 
gave Ry = 0.100 and R, = 0.143 aiter four cycles... when 
corrections were made for decomposition and absorption and 
the data sets were merged, Ri = 0,093 “and R, = Ones. 

Next, the iron, Silicon, cacbonyl carbon and oxygen atoms 
were made anisotropic, and anomalous dispersion corrections 
were applied to the silicon and iron atoms. The locations 
of the hydrogen atoms were determined from an electron 
density difference map, and the addition of the phenyl 
hydrogens as rigid bodies resulted in Ri = 060 and Ry = 


oO 
0.117. The fifth largest peak on this map, 0.57 e/K was 
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tocatedeaten= .Anly 2/70) 245) Mand wasvattributed torthe 
hydradae®hydrogen,> It is of very similar density to» the 
hydrogen peak found by Ibers“” Clea eine Ge Structure sor 
CoH (Ny P(CeHE),) 5h When electron density difference maps 
Piteeds ne sie /NO sind /i<0 -457 0, 40,0235, 0,30 0225, 
0.20) were calculated, this hydridic hydrogen peak was the 
highest peak on each map. The heights of the peaks were 
less than those predicted by the calculated theoretical 
values of La Placa and Ibers°® probably because the tem-— 
perature) factori.used, initially an the calculations (that 
of the iron) was too small: the hydrogen atom appears 
more spread out as evidenced by its large refined tempera- 
ture factor. When this temperature factor is used in the 
calculation of the theoretical value (B = 8.7 in column 3 
of Table XIX), much better agreement is obtained. However, 
probably the best temperature factor to use would 

be near in value to the carbonyl carbon values which aver- 
age about 5.3. Hence, these values of the integral are 
also included in the table. The agreement is adequate. 

A comparison of these calculated peak values for the hy- 
aridic hydrogen with those observed for this peak for vari- 
ous siné/d cut-offs is given an Table xix.” The addition 
ofi the  hydridic hydrogen as an isotropic atom reduced the 
R factors 260k? = 0,067rand’R, = 0.1t25 
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the angular parameters, E and —, for rigid body 1 was 
Observed): and yinmefforts ‘to Shiminateorttraithescel) was 
redefined twice: 1) a=boi bo7coi G.=a7 ed S=Eanaso=—ye 


= 7 h lle = ° = * a ° = . = . = 
yes a kK Lai a hoi 2) aene b =a_; oe bai O 


Nn O nN 
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Feee SORA EY a8 


: en lt =Vorvk =Hip @ as This only resulted 


Oo” no ge te n 
nitshteting, athe rcerre lation ,freomPrigidabcdy0! ¥to. rigid 
bedyrs 300 T2859) KO Taigid body 2 (0.9888) indicating that 
the phenyl rings essentially define the coordinate system. 
Finally, refinement of each of E and & separately, followed 
by joint refinement was tried, but the correlation remained. 
so, the coordinate system with the greatest correlation was 
retained, and the value of E fixed. 

The final R values after substituting the 133 
observed reflections collected with the eighth crystal 


were Ry = 0.061 and R, = 0,063. At thescompletion of the 


c 


refinement, no coordinate shifted more than 1/3 of a stan- 
dard deviation, and the final standard deviation for an 
observation of unit weight was 2.432. This rather large 
valle Can be attribtited in part to the rigid body constraint 
placed on the phenyl rings and in part to the numerous cor- 
rections to the data set. A final) electron densaty caif- 
ference map was calculated with all atoms in their refined 


2S 
positions; it had a maximum density of 0.59 e/A™ anda 


OO 


Oo 
minimum of -0.44 e/A. 


Table XX lists the final coordinate and thermal 


parameters for the individual atoms while Table XxXI has 
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the rigid body parameters. The derived parameters for the 
rigid bodies are given in Table XXII. The standard devia- 
tions quoted were obtained from the inverted matrix of the 
final least squares cycle. The observed and calculated 


structure factor amplitudes, LO eee and 10|F are 


ac 
given in Table XXIII. 
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Table XXII 


Thermal and Derived Positional Parameters 
for Rigid Bodies (4 


Ring Atom x y Z B 
ig Cr =O E50 (4) <=. OG8 oem ow oN) ) any 
Phenyl Cil2 7 5D4. (50 Tae O0 25) ae =o Odo) eae Ce) 
Carbon Cas OO OAC) bea O 0. Je) memo So. a) ers 01.3) 
C14 =2 205344) (5 2679(5) = .2 4605) 96.812) 
CES =< 2440(5) > =72946(5) — =.2199(5) 9657 (2) 
CEG =.L097 (6), =. 2490 (7) ~=21817°04)" 4.7.2) 
2 Cat -2400(6) O74 35) LOO SK 5) Teeer2) 
Phenyl C22 wl o2s (5) 1S FAG ie ten OP os (a) ee ee) 
Carbon C23 22002 (6) DOGS Ty Vee Beto). edt a) 
C24 $555.0 0G.) S17 SOS) "=e 4406) 722 03) 
C25 vit 2 S003, ) BOSS 7s) = 136 940) ie hil) 
C26 5 DEC) PDS el) Weel ON) wee Sone) 
3 Con 21832 (6) «#=el 8274) esep0de4 (4) 23.4 (2) 
Phenyl Cs2 -1596(6) “=. 624246)" © = 033915) sao. (2) 
Carbon Cas owe VO) © Basar) 7090 91CG) SG. a 29 
C34 PLO SANG) Fe 06.7) 200204) 96 50(2) 
E35 P22 (6). Gel OG iG) Le SS) Bebo .2) 
G3 ea (6) mes Oe.) UG OS UG)) eo ne (2) 
& Hie2 .0140 =,1524 = Oh oe 
Phenyl 1G -.2178 = 2502 -.5249 mee 
Hydrogen H14 -.3820 =, 3202 eerie tyme) 1A 
1s Bias) sare Vere 328 Los Pe, 
H16 =,0823 i 249 =O Uy 5.4 
5 H22 Seheeyinh .Veus oe Sar! 
Phenyl B23 1359 3463 oy, Les) 
Hydrogen H24 ES626 -4836 Sel ras) (MS) 
H25 5208 moO e LE soil eer 6) rn § 
H26 A401 .1034 ~, 1546 Kitaro 
6 Ho mel We ei =-.4012 =, tL29 6.0 
Phenyl Hos eo UL -.4615 -LO00 Ge 
Hydrogen H34 62085 ~ 2/70 <2e0 Ee 
135 2443 = O0322 2647 SS 
H36 Pe ~0280 0S..8 eee] 
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RESULTS 


The molecular geometry and the numbering system 
used are shown in Figure 9, The molecular packing viewed 
down each of the axes are given in Figures 10 to 12. These 
drawings were made using the program ORTEP. Table XXIV 
gives the bond lengths while the bond angles are listed in 
Table XXV. In Table XXVI some non-bonding intramolecular 
distances are given while intermolecular contacts are 
listed in Table XXVII. These results and the standard 
deviations associated with them were calculated using the 
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Figure 9 
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Figure 10 


Packing of HFe (CO) ,Si(C oH.) , down the a axis 
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Packing of HFe (CO) ,Si(CgHe) 3 down the b axis 
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DISCUSSION 


A perspective drawing of HFe (CO) ,Si(C;H.) , is 
shown in Figure 9. The geometry around the iron atom can 
be described as a distorted octahedron with the six lig- 
ands being the four “carbonyl groups, the hydridic hydro- 
gen and the’ triphnenylsilyl group. Around the silicon, the 
coordination is almost a regular tetrahedron. As can be 
seen, the hydrogen, which is at a normal covalent bond dis- 
tance from the irom, isin a non=bridging position with 
respect to’ the silicon atom. 

The silicon-phenyl bond lengths which average 


9° 
LeJ0l a. are Sivgitiy, longer than tiose found in (m-C, He )- 


64 
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The distortion from tetrahedral symmetry is min- 


° 
HMn (CO) ,Si(C.H.) which average 1.886 A. 
imal with Pe-Si-C (C(H,) angles@varying Brom 110.3 (2)) > to 


aero Ce eae cl C(C.H )-Si-C(C.H,) LCOMAL OD eK) oe eOl OF eo (28) * ve 


5 
The phenyl rings were treated as rigid bodies throughout, 
with tne hydrogen atoms given the same orientation and 
CONEre (Or Gravity as the attached carbon atoms at a dis= 
tance 1 A from them. As previously noted, the strong cor- 
relation between E and € in the rigid bodies was handled 
by fixing the value of E for the rigid body displaying the 


highest correlation. The implications of these correla- 


tions can be seen in the packing diagrams, Figures 10, 1l 
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and. olLaiwhere: ajidififerent phenyl ring «is' perpendicular .to 
the plane of the page in each viewing direction, thus es- 
sentially defining the coordinate system. Under these 
conditions, satisfactory values of the derived atomic posi- 
tions and their associated standard deviations were obtained 
asitare shown Jin Table XXi1. 

tenuron=carben. distances avary «from oh 3.47 (10) 


towls82L(10)) A which are comparable sto,those in. other ion 
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axial ei 97 (LS) Ay, peguatorial «1.1842 
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fervonyils =oErae ico) 
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CLS). aA; Fe, (CO) 94 L205 ees pec Fe. (CO) ., bei4di Ge) = 


10%10 
0 ° 
Paves (epraA. ATheraverace amonocarbonndistance i541. /89(3) 1x4; 
the estimated standard deviation being some three times the 
standard deviation for the individualpatoms. ~Hence; itis 
likely that these bond lengths are significantly different 
fromseach otherprandiuin facts theyscanberdi vided into. two 
sets: -Fe=-Cl, Fe-C2 which are trans to each other and Fe-C3, 
Fe-C4 which are trans to non-carbonyl groups, these being 
thenionger. set. This result is highly unusual: it isi ex- 
pected that carbonyls trans to other carbonyls will have 


the longest) bonds, the so-called trans effect, as in such 
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5 where carbonyls trans to each other 


compounds as HMn (CO) 
Nave a bond Length of Iyeo0 (5) A alia that trans’ co tie 

hydrogem as Loe2t(9) A and HRejMn (CO), 4/7 where trans car- 
bonyl bond lengths are 1.840 (15) A and nontrans 1. 330(3) A. 


An explanation for this discrepancy is not at all obvious 
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although the distortion from strict octahedral symmetry 
may have an influence: the three carbonyl groups cis to 
, ’ . . . . PES 
the sivicon are inclined about 5° toward it (Se° Fre Cl_= 
ee pig : ; 
Set oe eo dee Con = 88S), 6:(.3)2) sod. res Chem 85 6.03 0e ahs le 
the carbonyl groups trans to each other are greatly dis- 
ee 
torted toward the hydrogen atom (Cy Be \C2e= 7149.34) >). 
Peis. Unfortunace that. Chis, potentially stonificant result 
has occurred with a data set that has undergone much cor- 
rection, but the trend does appear to be real since other 
distances and angles seem to be free of obvious systema- 
tic error, A structure! Getermination Of the anion, Fe (CO) 7 
pic ene es would prove highly useful sanece first, of ail, 
~ 
being the conjugate base of a reasonably strong acid, it 
should be stable, and secondly the carbonyl angle distor- 
tions would be changed. If the same general pattern of 
Ccarbon-iron distances were found, this would represent a 
rare and significant exception to the almost universal 
. (a) 
CEans, ie, 
sa) 

The -iTron=silicon bond Length of 2.4153) A is 
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consis yt Tith asian = c i = HmMn ( O Si . a 
eonsis tent with that found in (7 C,H, ) HM cS )»5 i (ChE) 3 


nr en en ne 


(a) More recent information seems to indicate that the car- 
bonyl groups are exchanging with each other, that is 
that the molecule is fluxional, in which case the above 
arguments concerning the trans effect would not be 


meaningful. 
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(Mn=-Si = 2.424 (2) A) if one considers the decrease in metal 
iron radius with increasing atomic number in going from 
manganese to iron. It is somewhat shorter than the single 
DOnd sLlengen OL 2.5. A predicted on the basis of covalent 
rao. t. (lL. 7 aielle aae Sa becom ariel a4 2/0 for 1.ron): waicn 
may suggest some double bond character between silicon .and 
LON. 

the most interesting aspects Of this crystal struc- 
ture determination involve the position of the hydridic 
hydrogen atom. Using the most reliable position for it 
(as determined from an electron density difference map 
iimieed te sine/)50.35), the hyvdrrdic hydrogen, atom is 
located 1.56 A from the iron atom and 2.63 A from the sili- 
con atom. As was mentioned in the introduction, the simi- 
) HMn (CO) 


larvey Of “this: compound “to (1-C.H Si (CoH) led 


s 2 3 


to the expectation of a hydrogen atom weakly bonded to 
silicon, an expectation which has not been realized. 
Hutcheon's rationalization of the hydrogen-silicon inter- 
action was electrostatic: if the substituents on silicon 
were electronegative (for example chlorine) then electro- 
static repulsion prevented the weak H-Si bond from forming; 
with electropositive suostituents (phenyl, for example), 
the weak interaction could occur. Hence the prediction of 
weak hydrogen Silicon interaction in this structure. But 


with the finding that the hydrogen is not bridged here, 
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a careful examination of the two structures was made which 
revealed a possible explanation for when hydrogen-silicon 
InteractLlon will occur. The only significant dutterence 
appears to be in the highly crowded environment of the man- 
ganese structure. It is necessary for the hydrogen atom 

to move closer to the silicon atom in order to prevent 
elose contact of the carbonyl carbon atoms in the mangan- 
ese Case (as it) is, CuMn C = 93827 (3)").. ‘In the iron com- 
Pound, NO such Sterrve crowding Gecurs. with "the 'Cyre C 
angles all greater than 90°. So no interaction between 


Silicon and hydrogen is required. 
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CHAPTER, 5 


Ine. Crvstaly and, Moleculer Srructure oF 
(m7-C 5H.) HMn (CO) ,SiCl. (CH) 
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INTRODUCTION 


Following the completion of the crystal struc- 
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pals 


the hydridic hydrogen is bonded weakly to the silicon atom 


ture determinations of (m-C,H,) HMn (CO) ,Si(C.H 2 tie Wil inchs 


(Si-H = 1.76(4) A) as well as to the manganese atom, and 


of HFe (CO) Cee 


action with the silicon atom, it was realized that the most 


4 in which the hydrogen has no inter- 
probable cause of weak silicon hydrogen interaction was 
steric hindrance: in the presence of a cyclopentadienyl 
ring, steric crowding forces the hydrogen into closer con- 
Cece Wirth the silicon atom.) A torther test of this -hypo- 
thesis is provided by the compound whose structure is the 
subject of this chapter: hydridodichlorophenylsilyl(t- 
cyclopentadienyl)dicarbonyl manganese (7-C-H.) HMn (CO) ,Sic1., 
(CHE). It should be just as crowded as (7-C,,H.) HMn (CO) » 
Si(C pH.) . and should have the same weak silicon-hydrogen 
interaction in spite of the apparently unfavorable electro- 
negative nature of the chlorine substituents of silicon. 

At the same time, the infrared data could be 
shown to be non-predictive for hydrogen-silicon interaction. 


Although (7-C.H ) HMn (CO) ,SiC1 shows a Mn-H stretch at 


5 3 


~1 : a ; ne 
¢ and (m-C.H,)HMn(CO).Si(C 
LEooO scm and (1 CoH.) il n (CO) ,Si(CeH,) 3 


there is a weak band in the Raman), both are expected to 


does not (although 
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(a) Tne work, Chanter: 4, 
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Nave the same formtof silicon-hydrogen interaction on the 
basis of steric crowding. . As previously noted nothing can 
be said for H(CO) ,FeSi (CH) 2 where the important region is 
5) HMn (CO) ,S4 
5) there is a Mn-H stretch at 1895 em”, Bm clear 


opseured by the carbonyl stretches, <In (1-C.H 
Cl, (C,H 
cut solution to the confusing infrared evidence could have 
come from a study of the deuterium substituted compounds 
which would have M-D stretches in the relatively empty 

region around’ 1300 em +, Unfortunately this study has not 
yet been carried out, so it is not possible to see if changes 
in metal-hydrogen stretching intensities can be correlated 


to changes in the silicon substituents. 
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EXPERIMENTAL 


Crystals of hydridodichlorophenylsilyl (1t-cyclo- 
pentadienyl)dicarbonyl manganese, (1-C.H,) HMn (CO) ,Si 
(Co H.) Cl. were supplied by A. Hart-Davis in a form suit- 
able for X-ray diffraction work. They were prepared by 
ultraviolet irradiation of (1-CeH,) Mn (CO) 3 in the presence 
of excess pnenyldichlorosilane and were recrystallized 
from pentane. 7° Preliminary photography did not reveal 
any systematic absences or symmetry other than 1 thus 
indicating a Ericlinic, cell which could belong to space 
Group)?! or Pl. Pl“Was assumed, and this was Vater con- 
firmed by an analysis of the statistical distribution of 
E(hk2) values (Table XXIX). Precise cell constants were 
determined from a least squares analysis of 2 SEE ONS 
(as described in REIGNS Chivas = LORI OS (ya eb. 8 
Chie c= ie. S6is) GA poe 9S. 2501) 5. 8 = Oe e0b Lh) Oey = 
LOOM 6G) 2 fate 2G (K 4A = 54051 A). The density as 
Getermined by flotation using aqueous zinc iodide was 
1.50 gm/cc which agrees well with that calculated (1.490 
gm/cc) for two molecules per unit cell, a molecular weight 
Of 352, [5 and va unit cell, volume or 706. /2 oP The crys- 
tals were slightly sensitive to moisture, but coating with 
shellac and storing in a desiccator were sufficient to 


prevent any apparent decomposition over a period of months. 
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The dimensions and habit of the crystal used for 
data collection are shown below. The crystal was mounted 
with the a* axis coincident with ne oO axis Of the dirt 
fractometer, and data-out to 42°@im 26 was collected (the 
limit observed on the Weissenberg films) using MOK | radia- 
tion to minimize absorption. The peak scan range was 2° 
with stationary background readings counted for twenty 
seconds onseach” side of the’ peak scan. Seven.well distrib- 
uted standard reflections measured at various times through- 


out the data collection indicated no decomposition of the 


crystal. The maximum variation was about t3v, 
uf 2 Fnnto) where m was the number of observations 
Vv = ae ee 
m 


of intensity and I, was the average of 


these In 


with No apparent pattern in the peak height values. Absorp- 
ELON VCOreect ons “qh =r 2.9 ann were applied to the data 
With the: transmission factors ranging trom 0.921 to 0935. 
The appropriateness of these corrections was confirmed by 

the agreement of the $¢ scan data (h00, h=2,5, ¢ = 0-180° in 
10° steps) after correction. Of 1524 independent reflections 
measured, 968 were considered to be significantly above 
background Using a criterion: 176 (1) 5340 with a p value of 


OV0S3 "as described in “tie Crvetallourapnic introduction. 
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SOLUTION AND REFINEMENT 


The structure solution and refinement was straight 
forward with the manganese, silicon and chlorine atoms 
located from a Patterson map and the remaining atoms from 
electron density difference maps. With just the four 
heayy atoms i1n plece, Ry = 0.33 and R, = 0.41. An elec- 
tron density difference map phased on these four atoms 
revealed the carbonyl groups whose addition gave R, = 0.24 
and Ry = 0.32. The remaining non-hydrogen atoms were 
found on a difference map phased on these eight atoms. 
After several cycles in which the heavy atoms were aniso- 
tropic and had anomalous dispersion corrections applied 
20 thely stattering factors (Af a = 0.3, APT un =U. ; 


Att ae = O10, Aft oy = =O L077 Aft ay = "0210, Af ay =O. 20), 


the carbonyls were isotropic, the phenyl carbon ring was 


2) 


a rigid body and the cyclopentadienyl carbon ring was a 
hindered +oren, = R, = 0.073 and R, = 0.084. The initial 
parameters for the rings were calculated using the program 
MMMR With eo radius of 1.595 A for the rigid bodywand L220 
A for the hindered rotor. 

The hydrogen atoms were located on an electron 
density difference map with peak heights ranging from 0.47 
£010, 29 e/M>, The phenyl hydrogens were added as a rigid 


body having the same orientation and centre of gravity as 
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the; phenyl carbon ring and with a C=-H distance of 1 Ae 
while the cyclopentadienyl hydrogens were added as a hin- 
dered LOrOr Simi tarly riding on oe cyclopentadienyl car- 
bon ring. The second largest peak on this map, 0.44 LIN 
(x = 0.150, y = -0.345, z = -0.307) was between the man- 
ganese anarsilicon. atoms ina posicion sims lar £O that, of 
the hydridic hydrogen in (m=C,H,) HMn (CO) $i (C,H) 3." 
After four cycles in which the positional and thermal 
Parameters of all andividual atoms and of the caroon rings 
and the centre of gravity parameters of the cyclopentadi- 
enyl hydrogen ring were refined, Ry = 0.041 and R, = OR.0e 7. 
A difference map showed that the peak between the silicon 
and manganese atoms was the largest with a peak height of 
0.49 ye Lo wassof samplar density to that found by 
Ibers”? Steal 1nStne Structure, or HCo (N,) (P(CpH.) 3) 3. To 
further check the validity of this apparent hydride peak, 
difference maps were calculated using various sin@/i data 
CuLorien(s1n07140-355),.2.0 1307 20325 7-020)... On eachimap 
the largest peak was the hydride, it being greater than 
the next largest peak by a factor of at least two. The 
peak positions and their heights as well as the height cal- 


culated by evaluating the integral 
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Bee Pe esiens en 1s ds 


where Sy is the sin? limit, a is the Bohr radius, and B the 
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isotropic temperature factor as described by La Placa and 
Thera 7 are given in Table XXX. Subsequently, then, this 
hydridic hydrogen was added as an isotropic atom and allowed 
to refine. The final R values were Ri = 0.040 and R, = 
0.044 obtained with all non-ring, non-hydrogen atoms aniso- 
tropic, with the phenyl ring as a rigid body, the cyclo- 
pentadienyl ring as a hindered rotor and the hydridic hydro- 
Gen, ds an Lectropic atom, 

A final difference map computed with all atoms as 
described above showed a peak range of -0.29 to 0,34 Eee 
At the completion of refinement, no parameter shifted more 
than one half of an estimated standard deviation, and the 
standard deviation for an observation of unit weight was 
veers 

Table XXXI lists the observed and calculated 
structure factor amplitudes, 10|F.| and gS ca both in 
absolute units of electrons. The final positional and 
thermal parameters for the individual atoms are given in 
Table XXXII. Parameters for the rigid bodies and hindered 
rotors are found in Table XXXIII while the derived indi- 
vidual atom positions are to be found in Table XXXIV. The 
estimated standard deviations were obtained from the 
inverse matrix of the final least squares cycle. Slant 
Fourier maps were calculated through the planes of the 


phenyl and cyclopentadienyl rings and are shown in Figures 
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RESULTS 


The molecular geometry and the numbering system 
used are shown in Figure 15 while the geometry of the man- 
ganese atom is shown in Figure 16. The molecular packing 
viewed down the a, b, and c axes respectively is shown in 
Figures 17, 18, 19. The drawings were made using the pro- 
Gram ORTEP. Table XXXV gives the* bond lengths and angles 
within the molecule. Some intramolecular contacts are 
listed in Table XXXVI while Table XXXVII gives intermolec- 
ular contacts. These results and the estimated errors 
associated with them were calculated using the program 
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Perspective view of (T-CH,) HMn (CO) ,SiCl, (C,H), 
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Geometry of the Manganese Atom Surroundings in 
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Figure 17 


Packinguan (m-C.H,) Hin (CO) , 
down the a axis 
(Db 1s;DSany want ceis ¢@siine) 


SiCL, (C.H.) 


Figure 18 
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Table XXXVa 


° 
Bond Lengths (A) in (1-C.H ) HMn (CO) ,Si (Cp H.) CL, 


5 
Atoms Length Atoms Length 
een 2.310 (2) 69) Si-CQl 2.103(3) 
Mecor 1e768 G0} Si-C 22 2.098(3) 
Mn-C2 1.780 (9) Sica 1.873(4) 
AEC 1.774 (21) Si-H 1.79 (6) 
ee) 
Mn-C21 2 56 6G) (Ce) ae 405 
Mn-C22 2.140 (6) (C-C) , 1.418 (4) 
p 
Mn~C23 2.130 (6) (Cri) 6.5 1.000 
Mn-C24 2 aces c21-H21 §° 1.03(4) 
Mn-C25 2.157(6) C22-H22 1.06 (4) 
SeNe 1.49 (6) C23-H23 1.03(4) 
C1l-ol i eeit9,) C24-H24 0.98(4) 
C2-02 1.153 (8) C25-H25 0.98(4) 


(a) Standard deviations in parentheses refer to last 
G@igit quoted. 


(65) Cyclopentadienyl atom positions derived from the hin- 
dered rotor parameters. 


(c) Centre of gravity parameters of the hydrogen ring atoms 
only were refined. 
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Table XXXVb 


rea. 


Bond oad - 
ond Angles -(°) ine CH.) HMn (CO) ,Si (Cc H.) CL, 


digit quoted. 


Atoms. Angle Atoms Angle 
Mn Cl 78,8 (a) = Mn Si C21 de act) 
Mn C2 oy) Mn Si C22 110.6 (2) 
Mn Cp ‘) 120.13(8) Mn Si Cll WiA28 (2) 
Mn H 51(2) Mn Si H 40 (2) 
Mn C2 89.5 (4) CLl Si CR2 100.5 (1) 
Mn Cp i123 35 (3) C21 Si Cll 105.1(2) 
Mn H Pe?) Cl Siu 88 (2) 
Mn Cp P22 (202) @@ si cil 105.6 (2) 
Mn H Ta (2) C42 Si H PAC?) 
Mn H 120 (2) Cli Si-k 101 (2) 
H Si 89 (3) C, Cal H21 169 (2) 
Cl ol P7855 (7) G, C22 422 170 (2) 
G2 02 17807) C,, C23 423 170 (2) 
C., 024 H24 170 (2) 
C,, C25 H25 169 (2) 
Standard deviations in parentheses refer to last 


C_ represents the centre of gravity of the carbon 


ring in the cyclopentadienyl lagand. 
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Tabley xxXxviE 


Some Non-Bonded Intramolecular Contacts 


Atoms Distance (A) Atoms Dis tance (A) 
Mn Cll 3.590(4) ‘4? Chl c 2 322973) 
Bay C 231. 3% Wo 3) (2) Cra Hilo 2 at 2 (2) 
Mn CR2 34.025 (21) Cy Bad Gmlbaih 3.86 Sat ) 
SERGE s De O23 495 CrNeZ oo gL) 
Si H28 2k ho 34) GleH Zur bal Gs) 
Sa. C24 See HG ClH228 22844) 
pan Ca Se oom) Cl e238 2636410 ) 
SY C23 3.466 (2) Cr O22 2. Seon) 0 ) 
ou C25 Br O2a Ct) C2" i ee) SG) 
Cli BA TL) C2. H21 Zuo CS) 
Cel ae 4 2.36 4) C2 C2i 2e7 SteGL 0 
Cel Gil Seo CS) O27 i Zeer ) 


(a) Standard deviation in parentheses refers to last 


dugaie quoted. 
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DISCUSSION 


A drawing of the compound (m-C,H.) HMn (CO) ,SiCl, 
(C-H.) is found in Figure 15. The geometry about the man- 
ganese atom (Figure 16) can be described as a distorted — 
Squaretpyramidvand that of the sila con, atomeas® a. distorted 
tetrahedron. The molecule has a hydrogen atom cis to the 
Sid LCongpendeclosemenough! (tominteractewi the iv (oon AY. 

The silicon-chlorine distances in this compound 
areee.tU3 (3)rand 2.098(3) S the same within experimental 
error, but somewhat longer than those reported for similar 


compounds (see Table XXXVIII). For (1-CeH JHFaeCCO) (Site 


5 3/27 
the silicon chlorine bonds average 2.052 (3) A but when cor- 
rections are made for thermal Ween with the chlorine 
atoms allowed to ride on the silicon atom, the bonds are 
somewhat lengthened (Table XXXVIII) with the average being 
2.078(3) A. When similar corrections are made for the ther- 
mal motion of (7-C.H.) HMn (CO) 5 (SIC1, (CoH) ) the bond length 
Micréeases Only slightly to 2.11218) A (av)".> ht as agerest=— 
ing to note that the shortest uncorrected si-Ci} distance or 
2.043(4) A for Si(1)-C1(3) in (n-C,H,)HFe (CO) (SiC1,), has 
undergone the greatest correction for riding becoming 2.090 
(5). It is expected that the electropositive nature of the 
phenyl Supstituent will increase the electronegativity of 


the silicon atom relative to that in the trichloro compound, 
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thus causing the bond lengths between silicon and the chlo- 

rine atoms to be longer in the’ dich@orophenyl siilyl* compound. 
There is some distortion from tetrahedral geometry 

about the silicon atom with the MnSiCl angles being 115.4 
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ie aa 
C1SiC(C,H.) angles “are” LOS S12) *@and 10596: (2) and -thie 
cfsitl angle is 100.5(1)°. The geometry of the Ai Saee! 

ring was fixed as a planar rigid body having a C-C dis- 
Cance-o rel so 5 A and -C-H-distances "or 1700 A. The centre 
Of gravity and orientation of the carbon ring are adopted 
im vehe nydrogen ring: 

The distances of the carbon atoms of the cyclo- 
pentadienyl ring from the manganese atom range from 2.130(1) 
POOLS EL Se (5) 2 with the average distance being 2.144(1) A. 
These are comparable to those found in (7-C-H,) HMn (CO) ,Si 
femry.aS* which average 2.140(4). The manganese atom is 
DEY 74 C1} A from che -eentlrora of ‘the ring. -“The “eyo loperta- 
dienyl ring was treated as a planar hindered rotor with 
C-¢ distance 1.417 A and With the -ortentation of the Hydro- 
GenvLring Vidertical to-that cof-the “carbon ring | The-+valiie 
SPPthe Parrier LG LOrdtion Ff tie hinderéd rotor iis Vi.22 (6) 
which is quite low indicating a large amount of libration 
of -the “carbon atoms.*? Tn “fae; MLE corecesponas etosa “Poot 
mean square angular displacement of about 13°, larger than 


tat etcsimiular compounds {Table XXxXIz), Thus; theshin- 
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dered rotor model appears appropriate since it allows for 
this libration. As well, the values for the temperature 
factors of the manganese and the ring as a whole should be 
very similar if the assumption made in the hindered rotor 
approximation. is trues..that is,.that..most. of the, motion 
Cf the Sing. icjangthe plane.of ithe ring and/tangential: to 
Lie “The gifference; in this, case 0.64 x, can be attri- 
buted £o.out of plane oscillations .of£ the ring which axe 
not allowed for in the hindered rotor approximation and/or 
to. librations of the molecule asva whole. »sAcconding sto 


° 
io. differences of 0.6 ne are acceptable and al- 


Hutcheon 
though no firm rule was established, in compounds similar 

to this one, such differences occur (Table XXXIX). So the 
hindered rotation model for the cyclopentadienyl ring is 
Bane Cudamive suitable. » The céentre.ofaugravity of the hycro- 
gen ring was allowed to refine. It moved toward the man- 
ganese, atom about 0.18 A relative to the centroid of the 
darbone Ding, Causing the rang as: a whole, to, be- umbredta 
shaped with about a 10° bend. (Centroid of carbon ring- 
Garbonshydrogen angles are, 169 (2)-170(2)°)s Thiseeffect 

has been observed in an electron diffraction study of 
ferrocene’> where the bending is about 5°. A simple explan- 
ation suggests: that the m,electron density .cloud,.of the 


eyolopentadieny1.cing. is» contracted,on, the metal,side; and 
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expanded on the other side, and that the hydrogens lying 
in the nodal plane between them are thus displaced toward 
the metal. 

The carbonyl carbon atoms are 1.768(10) and 1.780 


° 
(9) A from the manganese comparable to those in other man- 
74 
5 é) 
and ((m-C,H,CH,)Mn(CO),),diars’? (mm-C = 1.77(3)). The car- 


ganese carbonyls such as (m-C,H,)Mn (CO) (Mn-C = 1,80(2)) 
ne 

bonyl groups are almost colinear with the metal, the Mnco 

angles wpeamg 075.5:(7)° and 17830(7)°.. © The geomerry: avcund 

the manganese atom as shown in Figure 16 is very similar 

to that found in’ the triphenyl “analogue “and ‘closely resembles 

(see Table xi). 


a substituted (1-cC H, ) Mn (CO) 


5 3 
. . . © . 
The manganese-silicon distance of 2.310(2) Aas 
Significantly shorter than the calculated single bond dis- 


60a) 


ce) 
tance of 20560 AY Cusing i. t7- A forthe’ radius of suLveon 


saver aero OO)) 


for manganese) and suggests an increase in 
bond order between manganese and silicon. It is even 
shorter than the bond found for Mn-Si in the triphenyl 
analogue (2.424(2) een A discussion of the bonding 
characteristics of the ligands (CoH.) S54 and Cl, (C.H.) Si 
is in order at this point. (C-H.) 3,51 can be considered as 
al stronger mm acceptor than Cl, (CoH) Si, back donation from 
chlorine to’ silicon having reduced the m acceptor ability 


Giusilicom with respect to, manganese, inthe), latter: «If 


this wene= the only. factor operating inotherformation of the 
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Mn-Si bond, the bond in the Cl, (C.H.)Si compound would be 


35H one. ‘That 2b ws shorter 


implies that factors other than mt acceptance are applic- 


eole ses According =o Graham, °? (C,H 


longer than that in the (CH) 


5) 38 is considered an 
inferior Go acceptor relative to Cl. (CH,)Si (and presumably 


by extension to Cl, (C,H Sania BiG key eaeb how lstanagcler engl cGeams: 


2) 
(i.e. poor o acceptance) which causes a longer bond to be 
formed in (m-C,H,) HMn (CO) ,Si(C-H.) 3. 

ihe peak attributed to the hydridic hydrogen sites 
in an otherwise empty space between the manganese and 
silicon atoms, and is the highest peak on all difference 
maps computed to search for it and the second highest peak 
on the difference map used to locate the phenyl and cyclo- 
pentadienyl hydrogen atoms. However, it is only 1.49(6) A 
from the manganese atom, somewhat shorter than the normal 
covalent ond: length of 1.60 A as found in HM (CO) .*” by 
X-ray diffraction. Nonetheless, this peak did follow the 
calculated peak height relationship found to be character- 
Stic Of HNydridice hydrogen by! dia Placa tand Ibers ,°° Table 
OC. eFunthernore, the near identity) of the«geometrues of 
this and the triphenyl analogue in which the hydrogen was 
Located 7.55 A from the manganese atom supports the sup- 
POSLtonmot a hydrogen un’the bradging posi tion .euit “has 


Tae lee 


been a general observation that the interatomic 


distances measured by X-ray ditiraction® ere 0.05 tp 
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0.20 A shorter than the internuclear distances measured 
by neutron diffraction probably because of a shift of the 
K electron toward the heavier atom on bonding. Thus, the 
observed shortness in this compound is in the expected 
G@RreCtISn-“Of error. "Also, the shortness*could in’ pare 
Bo -aeeribured to -anharmonievty oF the Sstretchingsmetion 
of the bond; that is; the potential funetion WMeseribing 
this motion is not a parabola but an asymmetric function-- 
see .reracxample’ Pigurer 22. "Ifa Spherical approximation 
is then used to describe an atom which may be better des- 
cribed by an elongated ovoid, an apparent bond shortening 
May -Geeur. “Owing to this minor discrepancy “inthe bend 
length, the peak is shown in Figures 15 and 16 with dotted 
lines, but is labelled 'H' and will subsequently be 
referred to as the hydridic hydrogen. 

The distance from the hydridic hydrogen to the 
SPti cen ss-1. 79 A which is considerably longer than the 


65 ae P 7 
but De ™-much shorter 


Si-H bond distance of 1.48 A in SiH, 
€han'a normal intramolecular contact. Because silicon “has 
a Varger Yad us “than” carbon, it’ would berexpected”™ that” the 
GyytHt eontact would’ be" less than -that-or"sSi...H. Since 

thHestis note the -case, the C279eH distance being*i.94 A, an 


anteracevon between SiTi¢€on and Hydrogen inthe form *oft™a 


weak bond is postulated. 
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It is possible to speculate on the reasons for 
bridging hydrogen in this and the triphenyl analogue while 
HFe (CO) ,Si (C,H) . has a terminally bonded hydrogen. In 
the beginning, it was proposed that the electronegativity 
of the chlorine atoms prevented a significant interaction 


between silicon and hydrogen in the case of (1-C 


— 


sis) 


HMn (CO) ,SiCl 4 which was too unstable for the structure 


6 
3) 
to: be» dertermined, cnystallographically. On this basis. 

HFe (CO) ,Si(C.H.) , was) predicced Lo contain a bridged hydro- 
gem,pbut as Chapter 4 has shown, this is incorrect. Using 


Enis criterion as well, (m—C.H,_) HMn (CO) ,SiC1., (C.H would 


5) 
be thought to contain a terminal hydrogen, also incorrect. 
On examination of the differences between the iron and man- 
ganese triphenyl compounds, the most likely cause of the 
auiGerence in hydride hydrogen behayvor was deemed to be 
the presence of the cyclopentadienyl ring which constrains 
the geometry of the ligands surrounding the transition 
metal. This constraint means that for the hydrogen to 
gcoupy a posktion not interacting with the silieon, the 
angle between the carbonyl groups would have to be less 
than 00° and significant interaction between them would 
occur. However, if the hydrogen atom position is distorted 
toward the silicon, there is room for the carbonyls to be 


in positions which substantially reduce their interactions. 
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Thus, steric hindrance forces a weak interaction between 
hydrogen: and isiticon an both the tripheny!l and dichloro-= 
phenyl manganese compounds. 

The infrared evidence is shown to be useless for 
predicting the nature of hydrogen interactions in compounds 
of this type, in that although the dichlorophenyl compound 
shows a Mn-H stretching frequency in the terminal bond 
region while the triphenyl analogue shows no such band, 
both are now. known te contain hydrogen in similar environ= 


ments. 
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INTRODUCTION 


ine crystal structure of hvagridoybis(tricaloro— 
silyl) carbonyl-1-cyclopentadienyl iron, (1~C,H,) HFe (CO) 


(SiCl.,)., Dy be Manoj lovic=Muic, KeeMuir and so. A. Ibers/? 
failed to locate the hydridic hydrogen mainly because the 
compound unfortunately crystallized in a non-centrosym- 
metric space group. When the compound hydrido bis (pheny1l- 
dimethylsilyl) carbonyl-1-cyclopentadienyl iron, (™C,H.) 


HFe (CO) [51 (CH,) Helos which differed from the aforemen- 


26 
tioned compound only in the silicon ligands, became avail- 
able and revealed, on preliminary investigations by A, 
Pause.” a centrosymmetric orthorhombic space group, it 
was hoped that the hydridic hydrogen could be found, It 


was thought that the electronegativity arguments, refuted 


by the structure of (1-C.H,) HMn (CO) SiCl, (C.H (a) might 


2 sda 


possibly need “to be revived in a revised form: for situ- 
ations not sterically hindered, the relative electronega- 
tivity of the silicon atom caused by its ligands determines 
whether it interacts with the hydridic hydrogen atom. In 
addition, it is possible to compare the geometry of this 
compound with the mono-silicon ones, particularly (mC, He) 


HMn (CO) SicCl,(C,H.), by the formal replacement of a carbonyl 


2 


moLety in the latter with a silicon group. For these rea- 


sons, this structural determination was undertaken. 


(a) Chapter 5. 
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EXPERIMENTAL 


The compound, hydrido bis (phenyldimethylsilyl) 
carbonyl-t-cyclopentadienyl iron, (m™-C.H,) HFe (CO) 
[Si (CH) 5C.H.J5, was obtained in a Torm suitable for x= 
Theserys tals 


Fav. crystallographic studies from BE. Wood. 


were prepared according to the following reaction se- 


quence: 


heat 


[ (1-C_H 


5 5) Fe (CO) 5], + (CpH.) (CH3).SiH 


(1-C5H_) Fe (CO) .Si(C-H-) (CH) 5 


: : hv 
(CoH.) (CH,) SiH =F (m-C-H.) Fe (CO) .Si(C.H.) (CH3) 5 ————> 


(1™-C. He 


)HFe (CO) [Si (CH,),CH. ], 
The crystals formed can be recrystallized from pentane. 
Preliminary photography established the crystal 
class as orthorhombic or higher with a mirror plane per- 
pendicular to the axis of rotation seen in an oscillation 
Bhotograpl and Ewo purror lines, 90° apart seen n= the 
Weissenberg zero level photograph. The space group was 
uniquely determined as Pbca (#61 Bei when systematic 
absences. Ok’, k= 2ntl, HO’, £ = 2nels and HKO,) ho 2n41 
Precise cell constants were determined 


were observed. 


from a least squares analysis of eight reflections, accur- 
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ately centred on the Picker manual diffractometer as pre- 

viously described (Appendix C) as Bie 902 0 3)5, Ome 3.320 
° ° 

(2) Sandee = 4 147 338-62 a Awa tao (Cuk , M= 12 5405), A): 


uk 
The density was determined as Lao 


gm/ecc at 
22°C by flotation using aqueous zinc iodide and this agrees 
favorabl vi wisen senae ecaleplated (27) sam/cc) for eiognt 
molecules pex unit cell, molecular weight of 420.48 and a 
Unite cedidy wolsime of 43.71)275 ee The, golden «yellow crystals 
appeared to be stable in air so no special handling pre- 
cautions ere required. 

The box-like crystal used for data collection had 
as crystal faces the sets of planes {210} and {001} and 
dimensions, 0. 140—x-0. 152 ~0.206 mm. Lt was mounted with 
thee (and iA) axis coincident with che ¢ axis “of the dii- 
fractometer, and data to 45° in 20 was collected using MoK | 
radiation. Each plane was scanned for one minute by mov- 
ing one degree on either side of its centre, and back- 
grounds were estimated by stationary counts for 20 seconds 
Abethe. bimvissom the scan, “Threughout, theedata, collection 
eight reflections of well distributed 20 values were mon- 
itored. These did not show any decomposition of the crys 
tal, the maximum variation observéd being less than +30 
where o is defined as’ in Chapter lp with no apparent pat-— 


tern in the peak height values. 00%, & = 4, 6, 
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40 ‘data were collected at 10° intervals: in “Oo. from 0° to 
180° in order to judge the correctness of the absorption 
corrections. | b Was 8.73 cm * and the transmission factors 
for the data see waried from 0w866 to10 20122 

Of 2876 reflections measured, 1180 were consid- 
ered to be above background using a criterion T/ariie3.0 7p 


and 1395 were above background if the criterion is lowered 


to P/o (1)22.. 0: 


Wiis) ore GHEE eurnen ‘Sauas a . 
Oly eStSeNt mbdesiy « culated oe 


7 a i 7 ‘ey a 3% 
=! 2s Pre Sr see 


“Swoje UOOTTTS OM} SY FO ASeYATe A0JZ spueqs ts (q) 


oF 
Z7- Axz-% &) pue Cag A ees, %&) O3 spuodsezi0s (P4225 Pdroee z 
2% 


° od 
( $ & %) ‘sated ut pettdde suSts snutw pue SQTd (2) 


~ 8z TSz7?dz_5 TS 5494 x_g FS Pdy Zz 

| SZL peas os a Pas ose Pog xa z 8ZL E> ay “zee PS xP Kye, Pegg Z 
BZL oe ee aoe ee z 87L eae: Se Gl re z 
SZL tS 7°42 we Reo fie ae dider Zz 8ZL Bee See eR 8 Tye sxe Zz 
a 18,2942, TSp4°dx,2 18x 5 Sycye 3 es 75, 42dy 9 TS, 22h 1S,,.0%: : 
8SzZL S754, TE ee te a Z CZL TSo oy Tapa TS 2 Py “6 
Eo 785494, 'S,,°9p,2 FSxq hye, ‘ ee TS,,08, TSq4Pdp TSy Bde : 
8eL Nou eo ie he Ao gee Rk g Sel Deed ea ee oe re er Zz 
TS,594,. TS,92nyp TS x4 tags ; oe TSp64,. Thy dp TS yc Ody ; 
nee eo oete, Sp ei, FS y lee : on ay O2F 2 TSz,8dg TS, Ody 3 
8ZL ie tem Scale eh ek z 9L9 Pee ace Paes I 
8ZL Eo os eg te ea ge Z 99 one Petes aes: 3 
8ZL US etc A Re Silay i a E 919 Pees ee ae T 
8ZL Pome OREESAL Soe Oak zZ 919 aa: ae ee ta: T 
— eee! Decor pee oe : He Sheesh : Oyo : 
8ZL Peet ee ee eke Ko z ZSET % ard ites z 
BZL nee ee ee kv KE eS z eoer P4zzt (Re eh % z 
8ZL Soest 2s eo Ae exe Z coer ere % ee: zZ 
e7L gee ee er: ae x é ZSET i er eae Zz 
8ZL Dees eee he Ae eg tx z ZSET oo eee Aces i z 
BZL Pre eye Ae he. ee ee zZ vOLZ ee 0 % : 
8ZL Oo Se la ihn CS" ail a ae z HOLE e Fxerk 0 5 
8ZL Ase SLE ky es Se er re POL? 0 Ne Mere ea > 

~3y5TSoM ZO4DOA ARTOTTATI TAN 3yhTeM . ZOWDSA 

SATIET OY SATIRE T SY 

1% (€r5) Sy2o7g} (00) aan (fH %0-u) ZOJ SXIOROSA uoszS7z ze 


ae =a _ 
; i en —— 


pH) gH ake ’ rs 
pean pate ll e030 
 wenentom 9 - 


aor yy 
ae ytioliaisi: 
es ae 


_ 


iz? or” 


Gent? a a) ial - 
a er"? 7 ae sin _ 

an? ent rar % Jan =. a. wt” : ue é 
a ; aw - 


ow? ater ae 
; 7 ee ae = - © ate - 
ae * 7 


- ; 2s , : : ; : : 
yy a » ‘> : ny _ a “ - t= cio mn) _ e = 7 
-, 7. e™. i aT . 4 jr 
7 i - > ey a 7 _- : 
- ee% _ sYeus*= my az a : - 2 : nade ae - 
mer ia —s : a as = ? _ 
— ae kt Le : = a — ue a 
-_— ta es @ ; ~* 7 Zz “eo 7 
= se. ee as <2 : ar a a a i — 
<a Max 33%, = : ‘— at ae a 
7 > ey 7 i : he x m 7 os 
@" => . 
oe | - 
: ailiahl _ es 
a - 2 
a > = a 
_ & _ ; : ; ; : 
- Tyy** 7 ¢: yi » 7 7 é , 
7 : => &« 


s80°'OF = 5.2 
Gzi07 = 
Ber Op = x 


[I se 


uTEHTIO 


S80°0F = 3.2 
GZ°0F = aoe 
C303 = * 

i se 
T se 
iT se 
2 

(252¢-% 0 %) 
TOV, Z7+% O 3) 

ag og 
ROG ieee al 
(S22 Acre *) 
7 Se 
uTSTIO 


Soi Oa Z 
cS) 
SCZ’ OF = a 


et 


UTHTIO 


ne 


UOAT AO}Z UOTANTOS pue Juowubtssy 


Oe MO = 
CC O= = 
Z20°2 = 
2 ) 
aoz-% a 
od ag ey 
(=e 20° = ae : 
(Ze 2 Kz od 


TOM 


SUOTINTOS UoSszeajed 


eBIITX STAeL 


suoT3NTOS 

ete O My. ele °C NEIL vT 
Olt 0 Fr 091° ea ean 
cZe"O = % “OST 0 GES il is 

ace Veco Ove Z 

O72 See 697 9 

QO 22 Weer’ €6¢ § 

Scie wn 0 5 EASE i 

OO ae O 5 ELE € 

% 0 0 ooo Z 

0 66 0 666 a 
UOTATSOd RUT SM TSqunNn 
SATIET SY yeodg 


_ 
> 
+" 
c 


PS OS ee is 
_ t ¢ bd jowd 
 » Sn 
' an ES a 
= ® 2 7 ; * 
a 4 o@ 
= = 
e > ed 
— e ate 2 
- = me - 
<& ; -. 
Ret. so F 
a6, 73 = — ih 7. 
ove a re é € : 
@ > 


enol 

4 = 7 F 

Dé “a acs 

oT. =e, 4. 

> ee «a a 

san? © 2t 
wis = 

De. Os =e 

“2? 

",e45 @ ll 


- - il 
# + ai i 
= 


yy 


58 ‘- 6re.é 


2 ae oe 
7 = = 
t.¢ © Ge” fe: 
) : - an 
a _ 
oi.0 ¢ Me ° Bh 
: De 
«.2 


ste. 


— wenkag es 


Mey GP UA 

i 

re 

ES 34 5S 
oT buy 


Sea 


MEEBO 

Oe IS 

Sor = ecEs 

GOES 2 
Somes 

O° SS ES 
uOTANTOS 


fegtnie Gc Ue een O 


Z=— * 2 


CTS x Pan y 


TES, 82 2R neA: 


( 4 


It8,_24 


( Z—% K- K+ 


(Pig tts, Pont 


a 


mez, Se 
ed, _ [tS 242 Ley et Few | 
RE ee TES 4 24% 


te oe, (eA eka 


qe 


( Zo UYS 5 e4 Km 


VUSWUbTSSY 


CtSe Pd, PA, 018 


EIS 200, 


K TESy OF) 


x UTSy_24 


Seo 
snr Pe z 
x= x-%) =f 


Tis, ag sy 


6S7 0 


x" 


970°0 


xt 


xX 


a 


uoTITSOd 


) ag Sutsn swoqzy uootT ts r0J SUOTANTOS Uosrez7ed 


GIITX STGeL 


870 


SG w 


WSs 30 


9EE°0 


cea 


Com 


902 


LES 


ON 
om 
N 


692 


3UbTEM 
SATIL TOY 


fos) 
rc 


fea) 


ie] 


ata 


tc act — 


: 7 : : = 
. i. _ ; * > : — = 7 : 
oa = oe ' oer? sat ak ea “we 7 4 Mts 
a ba? taat”? atts rat hes ; ai 
a a 
_ i 
_ 7 ‘jgn" wi tls Kao, lia? ow) 6 o cio =e 


as" 


a" fie 2 op 


- - ‘eget? cua at? Sra" etl é 1 Mie ee 7 


i _— : 
a 7 hist ag ste AV" ge a? ns | a 


- sav At? 7) 2 


an 7 . 2 > 
_ ae F | ea? a er | eT CFRse = | b+ teen 
_ _ —~ = - wa — ae 7 a 
_ 
7 _ = - 7 - _ ' 
os ne igre ¢ get 7.2K re 
= @ 
> sets 42-24 Se Ue 7 we oh iA i.e of ihe - 
7 ; 7 7 
,~“ )@9 c.¢ el? r 622 lerg®” ot* crc es ~ s Pe, 24.5 266.2 #808 
_ - a oo 
- oi 7 —— 7 = 
7 7 ~ : — of - 4 ° ® 
r «Se. ‘Sn ee sit tee a —— zihieet 
oe? a. ae a | ‘we 
a 4 5 | ™ | + a@ + -' | = : 
_ see” ee ot® oi" iin = 4) ee So oS 


7 


ta a fF 


1 oe 


SOLUTION AND REFINEMENT 


With eight molecules in the unit cell occupying 
the erent *general positions for space ‘Group Pbca [tx ae) , 
(x y 2), (44x 4-y 2), (4-x ty 2), Gx ¥ E+z), Cetx y 
%4—-Z), (x 4%+y 4-2), (x 4-y 4+z)] and three heavy atoms per 
molecule * (iron; silicon, silicon) }) Wr was éxcected Mena *the 
solution to these heavy atom positions could be obtained 
from a Patterson map in a routine, Tf “somewhat*drtfircult 
manner: To this end, a table of expected iron-iron “and 
iron-Ssilicon vectors was prepared and a Patterson map cal- 
culated: “The vector *types, their=maltirplicrey and “relative 
weights are given in Table XLI. The identification of the 
peaks in the Patterson was complicated by the fact that 
the first non-special position peak was located in nine- 
teenth position in the peak listing. Some of the Patter- 
son peaks together with their relative weights and the 
assignments to iron vectors attempted for them as well as 
thé Vindicated ‘solutions for the iron positions aré given 
imeTable KLELay “These solutions for the wron+atom were 
used in®’thé assignment of iron-Silicon vectors ‘to the*’Pat-= 
tersonm péaks in order to obtain positions for the silicon 
atoms. Constraints placed on these proposed positions were 
that’ the iron-silicon distance be about 2.3 A and the 


hin ; : 
Si Pa Sa be obtuse. Using these Criteria, several poe~- 
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sible Sil and Si2 positions were obtained, in much the 
Same manner as that iailustrated in Table XLIIb which uses 
the second solution for the iron atom: None of the at- 
tempted solutions led to an R factor below 0.35 nor vyiel-— 
ded an observational electron density map on which any of 
the wornier aroms could be found. 

AE Chis POInt, 1t was decided to try direct 
methods. The choice of phasing planes was made difficult 
because there were no planes with 2% odd. inti the largest two 
hundred E(hk2) values. This appeared to be the result of 
the speciality of the iron and one of the sidicon positrons 
which were shown by the Patterson vectors to have the same 
Veand 2 coordinates. it waS necessary to separate, the data 
into 2 odd and 2 even planes in order to get the beginning 
Set of tlanes given in Table XLiI1 irom the program FAME. 
The 2 odd data was processed by leaving out the contribution 
to the E({hk2) values of the iron and. one salicon atom per 
molecule, and as 4 result, the E(hk®?) values given for the 
% odd planes in Table XLIII are much larger than they would 
be if calculated.using the full molecule. , Thejanteractions 


of the & odd planes were few and this fact was borne in mind 
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during the use of the program MAGIC from which signs were 
assigned to,.the non-origin defining planes and phases 
determined for 200 intensities (not the strongest since 
there were no-f odd data” in the strongest 200) by the 
method of symbolic addition. From an E(hk&) map calculated 
using these 200 reflections, the locations for the iron 

and the silicon atoms were determined as in Table XLIV. 
With these atoms in position, several electron density 

Maps ‘revealed the location of the carbonyl group, the ring 
Garvbons ana the. methyl carbons. With all non-=ring atoms 
isotropic, the phenyl groups as rigid bodies and the cyclo- 
pentadienyl ring as a hindered rotor, several cycles of 


refinement led to R, =). LO? sari aR. = 0.2505 with ck, and 


2 i 

R, as defined in Chapter 1, which did not show signs of 
being decreased. An analysis of the R values for each hk& 
level revealed that those with 2 even had a composite value 
of Rj = 0.092 while those with 2 odd had a value of Rj) = 
0.571 ever the first six levels. By considering the spe- 


cific expression for the A term of the structure factor 


for the space group Pbca, 


ole 


A = 8cos2n (hx-"3*) cos2m (ky-“7~) cos2m (L2- 
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16 was seen*that movement of all atoms by 1/4 in 2 would 


change only the % odd data leaving the & even data un- 
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Planes Used for Phasing in Direct Methods 
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(b) E(hk&) values for these odd 2 planes are no 
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touched. This change was implemented with a marked lower- 
ing of the R values (Ry = 0.086 and R, = 0.093 after two 
cycles) and a dramatic decrease in the composite 2% odd 

data (Ry ss age J (The data cut off was 30 with o defined 
as in Chapter 4). 

the Grue solution is present in the Patterson 
map, as, Of course, it must be. The Patterson y values 
for the heavy atoms given in the sample in Table XLII are 
thee same” as those in the true solution. ~The z value for 
iron in “che true Solution corresponds to. solutions 3 “and 
Aun Paple Kita if 1.0? ts added onto the vector positions 
used in determining it. For example, an interpretation of 
peak sas "Ce 40" T70) Gives’ the true "solucvon. | Similarly 
£CGr ENS So POSTELoOn of 2rons 2h ie 0 is added to peak 5 “and 
the vector assignment of solutions 2 and 4 followed, the 
true solution results. 

From this point on, the refinement proceeded 
routinely. Throughout, the phenyl ring carbon atoms were 
treated as rigid bodies and the cyclopentadienyl carbons 
as a hindered rotor. Electron density difference maps 
showed that all other non—hydrogen atoms had some aniso- 
trophy and anisotropic temperature factors were subsequently 
trerociced but initially only, Lor iron, andysiii con aconme. 


Anomalous dispersion factors were applied to the iron and 


Silicom atoms. At this stage using data with a rejection 
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Criterion of 2c. Ry = 0.088, Ry = 0.098. Next, all hydro- 
gen atoms were found on a difference map with peak heights 
Proms. 590;ce, 0159 electrons/A°, the phenyl cang hyaro— 
gem atoms were placed “in“rigid bodies: riding on the phenyl 
carbon etoms at a distance 1 A from the latter, while the 
cyclopentadienyl hydrogen atoms were set in a hindered 
rotor riding analogously on the cyclopentadienyl Seen 
atoms. The methyl hydrogen atoms were first introduced as 
rigid bodies with an idealized radius of 0.9455 A and, 
when their positions became stablized, were allowed to be 
hindered rotors. The positions and orientations of all of 
these hydrogen rings were allowed to refine, but attempts 
at temperature factor refinement or of refinement of the 
barriers in the hindered rotors resulted in meaningless 
values with unacceptable errors. Thus, the temperature 
factors Ofwihe Gigid body hydrogens .wereweer at sne6se or 
the attached carbon +0.5 while the temperature factor and 
barrier to rotation for the cyclopentadienyl hydrogen ring 
was taken to be that of the carbon cyclopentadienyl ring. 
The methyl hindered rotors were given temperature factors 
@qual to the isotropicstemperature factors for the carbon 
atoms to which they are attached and arbitrary barriers 
of 2.0. With the introduction of the hydrogen atoms, and 
with all non-ring atoms now anisotropic, the R values 


were Ry = 0.059 Baird c= 0.061 after several refinement 
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cycles and using 30 again as the data cut off. 

A difference map computed at this time showed 
that the largest peak,which had been the tenth largest 
CO e/R?) in the hydregen atom locating map,was found 
SEU on, U-25/, 0-519).  Thtaapeakwor mergit 0,60 e/A>, 
believed to be the hydridic hydrogen peak, was found on 
MepserLmetede i sine, (SIne/ 70.35, UsoUs 0.25. Owl). 
The results of these maps are summarized in Table XLV, 
where they are compared to theoretical values predicted 
by (ha Placa and tbers.°° (See Chapters 4 and 5 for de- 
tailed description.) 

The addition of this peak as an isotropic hydro- 
gem atom led to va position for 2b or (Oeste, 0.235, 0.517) 3 
after least squares refinement with a fixed temperature 


factor 0.5 greater than the 1s0tropic temperature factor 


fOr. tne Lron atom. The final R values were Ry = 0055 
and Ra. = 0.058. An analysis of hkyz and hk& data 
Zz odd even 
showed Ry = S079 “for & odd and R} = (050 for 2 even. 


8 
Tiroughout, the form factors of Cromer were 
used for the non-hydrogen atoms and those of Stewart, 

e . LZ Gl 3s ee ote 
Davison and Simpson for the hydrogen atoms. The final 
standard deviation for an observation of unit weight was 
Lijiib. A final differencé map computed with all. atoms in 

. ; j ne! 
their refined positions showed a maximum of 0.39 e/A™ and 


ao 
a minimum of -0.33 e/A. 
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Table XLVI lists the observed and calculated 
structure factor amplitudes 10|F_| and 10|F_| both in absol- 
ute units of eléctrons. Tha final positional and thermal 
parameters for the individual atoms are given in Table 
XLVII. Parameters for the rigid bodies and hindered 
rotors are found in Table XLVIIL while the derived indi- 
vidual atom positions are found in Table XLIXa and XLIXb. 
The estimated standard deviations were obtained from the 


inverse matrix of the final least squares cycle. 
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RESULTS 


The molecular geometry and the numbering system 
used are shown in Figure 21 while the geometry of the iron 
atom is shown in Figure 22. The drawings were made using 
the program ORTER. Tabla La gives the bond lengths while 
in Lb the bond angles are listed. In Table LI some intra- 
molecular distances are given with various models for 
thermal motion considered. Intramolecular contacts are 
given in Table LII and intermolecular contacts in Table 
LIIfTa and LIIib. These results and the standard devia- 
GLonSs assocvateda with them were calculamed@using the preq- 
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Geometry of the Iron Atom Surreundings 
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DISCUSSION 


The coordination polyhedron about the iron atom 
can be described as a distorted tetragonal pyramid with 
the centroid of the cyclopentadienyl ring at the apex, the 
carbonyl and dimethylphenylsilyl ligands in the basal plane 
with the dimethylphenylsilyl groups trans to each other. 
The iron atom occupies a position above this basal plane 
in the direction toward the cyclopentadienyl ring so that 

Ta ty a! 

the oS Fe C angle is: 129° “and the Fe Si angles are 
to" “and 120° while the ors angle is 112°. Thase teaves 
one position in the tetragonal pyramid trans to the car- 
bonyl group and in the basal plane to accommodate the hy- 
dridic hydrogen. This geometry most strongly resembles 
Chae found by Ibers’° et al for the trichtorosilyl analogue 
(seesTabple ULV). Le also us Simbiiar to, that of (T-C HH.) MOR 
(CO) 4 cre a Ce) where the cyclopentadienyl centroid 
is again at the apex and the alkyl and CO groups are in 
the basal plane with the molybdenum displaced from the 
basel plane Goward the ring. In addition, there 16 an 
analogy to the mono silyl compounds such as (7-C,H.) HMn 
(CO).SiX, where X, = Cl,CgH, or cacaegs (see Table Ui) 


where a CO group has replaced one of the silicon moieties 


in the basal plane. 


The iron-cyclopentadienyl carbon distances aver- 
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age 2.100(10) A WinLch) ls ucomparable tid Jtha thin (1-C,H,) Fe 
(H) (CO) Sicl., G2°50.93( 4) A) but somewhat longer than that in 
ferrocene (2.047(5) ay (8) , This weakening of the cyclo- 
pentadienyl carbon-iron bonding can be understood in terms 
of grep Lacement-.of one, of ,the »two jeyelopentadieny!] anings 

by stexonghy Teaccepting, groups...» The “nen satomers 17172) 
from the centroid of the xing. . The treatment of the ring 
as a planar hindered rotor appears appropriate with the 
G6verall temperature factor for thewring being. 3.84 ,.ex 

0,69 above the isotropic. temperature factorsvof the, iron 
which is very close to the average increase of 0.60 observed 
Eom ca Variety of compounds.*? The barrverxr to rotation 

can be correlated to a root mean Square oscillation of 

abeur eo") sagan indicating the veuitabs lity of; tho ningesed 
FOLOUrrSspproximatton, which considers this libration. ihe 
Lacie Om Chics ring. 1.209 ae leads to a carbon-carbon dis- 
tance of 1.421 A watch is slightly longer than the average 
(1.404 A) observed in the trichlorosilyl analogue, probably 
because in the latter there was individual atom treatment 

of the ring without correction for librational motion. 

The hydrogen atoms, initially set to ride on the carbon 
atoms, were refined only in position and orientation. With 
the barrier and temperature factor fixed at the carbon ring 
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ine Ke-C€-© angles ot 1772.9(42)° shows the near 
linearity expected while the C-O dis tancegore) 7116) A 
is within the accepted range for carbonyl distances, °4 The 
dUstence ROLeather carbonyl carbon to the, iron atomeis. 12707 
(15), considerably shorter than in the trichloro analogue 
(VATS 3 o) ee eThasicanvbe rationalized as follows" “chlorine, 
being an electron withdrawing substituent, leaves the sili- 
con in the trichlorosilyl compound much more able to ac- 
cept electron density from the iron than do methyl and 
phenyl substituents which are electropositive. Thus, the 
iron atom in the dimethylphenyl silyl case, being unable to 
donate as much electron density to the silyl groups, in- 
creases its mt bonding with the carbonyl group resulting 
in shorter Fe-Co bond. Further evidence for the reduced 
bonding between silicon and iron is provided by the silicon- 
Leon pond -dLecances: of 2,336 (3) “and ®=2.342(4) A, identical 
within experimental error, but longer than in the trichloro- 
SLi COmMDOUNEG, "aco 21.5) A). A prediction of the expected 
bond length may be obtained by summing the covalent radii 
for Leone ane silicon. “The best Choices fOr 11on radivees:s 
TRAC A obtained from the Fe-Fe distance of 2.679 (3) A and 
the Boers. distance Of 2. 123 (45) A in ery ue ie (CO 
Coupled with the accepted radius of iy FOr silicon; a 


Fe-Si single bond of 2.51 A can be predicted. That the bond 


length found is shorter than this can be interpreted as 
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indicative of some deeds back-bonding from the metal. 

The silicon-phenyl carbon distances average to 
hao ent) A, somewhat longer than the silicon-methyl car- 
bon distances which average 1.879 (6) s It is expected 
thatrthe silicen=phenyl carbon “distances would be shorter 
since sp- hybridization is involved whereas the methyl car- 
bons bond by sp? hybridization. °° Using a covalent SOS 
SLO 7 Serer sp- carbon sand 0 2772for sp> carbon with the 
covalent Lradiusvof "silicon igives — = 1.90 A and Si— 
mis = 1.94. The reasons for the observed reversal may in 
pantvebe caused tby “inadequate allowance for thermal metren: 
when the methyl carbons are allowed to ride on the silicon 
atoms, the average eC ams bond distance is increased to 
beso eid) A tay?) Svcertainly tieving: inethe eight direction. 
Suchipa riding "correctiomw Ls noeepossible for a dis- 
tances in this case since the rigid body approximation used 
for the phenyl groups necessitates the use of isotropic 
temperature factors. But if such a riding correction were 
done, it would increase the ie distances and in’ all 
probabil tyethe: anomaly would remain. ‘The“andiles C+si=C 
avemage itor l0G (Ls), while’ fourvot the Ssis*Fre-si-© angles 
are larger than the tetrahedral angle, giving some measure 
of «the distortion from tetrahedral symmetry ‘about the sil- 
icon atoms. 


The ‘phenyl ‘hydrogen atoms were treated as’ ‘rigid 
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bodies with the positions and orientations refined and the 
temperdture factors fixed at 0.5 greater than the attached 
carbon atoms. The carbon-hydrogen bond lengths varied 
Grom O94 Geos) A. The hindered rotor model, used to 
describe the methyl hydrogen atoms, seemed to be particu- 
larly appropriate, since while free rotation of the hydro- 
gens is known for methyl groups, in this case the hydrogen 
atoms were not completely disordered as they were located 
from electron density difference maps as peaks of normal 
heights. Methyl groups have previously been considered as 


hindered rotors in the case of the antibiotic cyathin A 


86 
203993)? 

,87,88 
Ae 


acetonate ion’ CF,COCHOCF 
Y 


3 


(e and trifluoro substituted methyls in Cs[Y 


(HFA) where HFA represents the hexafluoroacetyl 
3° The C-H distances in the methyl 
Gronpsacvanyebromr0 S66 \00.1...26 A. 

The: mostudisappointing factor in this structural 
determination was the failure to positively locate the 
hydrrdteshydrogens» Initially, all Signs seemed: favorable: 
the space group was centrosymmetric, the unit cell large, 
he’ metal was in the first row transition series, the ab- 
sorption was low, the crystal Stables to X-rays. \The tixet 
indication of problems came when the data was being collected, 
when it was observed that data with £ odd was significantly 
weaker than 2 even data, and, as can be seen from the final 


Structure factor listing (Table XLVI), the amount of & odd 
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data observed is substantially less than 2 even data. The 
& odd levels, being weak, have higher standard deviations 
Calsing reliability factors for these levels tobe higher, 
with the unfortunate result that the data set is not pre— 
cise enough to locate the hydridic hydrogen unambiguously. 
The weakness of the £2 odd data arises in the following way: 
the iron atom and one of the silicon atoms lie at approxi- 
mately y = 0.25 which is on the glide plane perpendicular 
to Cy for space group Phea Causing the tren and silicon 
atoms to overlie each other at intervals of 0.5 when viewed 
down the ¢c axis. For these atoms, the c glide becomes in 
fact a simple translation of 0.5 in the c direction, ,xresult- 
ing in an effective halving of the unit cell and in a null 
contribution to the £ odd planes and a maximum contribu- 
tion to those for 2 even. 

With the peak from the electron density dif- 
ference map, which located all hydrogens, that seemed most 
appropriate for the hydridic hydrogen (one located in ap- 
proximately the remaining position in the tetragonal pyra- 
mid), a refinement as a hydrogen atom was attempted. It 
located the hydrogen 1.28(9) A from the tron atom, 2.242 (32) 
A frou ei and 1. 31 (9) A from Si2. The usual refined posi- 
tions for hydrogen atoms: place them closer to other atoms 
than expected, so it was decided to use the method of ha 


Placa and tbers ” of computing difference maps limited in 
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sin6/\ to more accurately locate the hydrogen. The results 
of these calculattons .aresshownein Table XLV where it can 
be seen that the peak did not behave as expected: it was 
too large at all levels, the iron-hydrogen distances were 
much shorter than the accepted lst row transition metal- 


hydridic hydrogen distance of about 1.6 aye! 


and in partic- 
ular the map at siné@/A<0.35 which should give the best 
Vatue £or this distance is theyshortest (1.26 Ae In view 
of these discrepancies, it seems unwise to assign a defin- 
iter position to this hydrogen. 

A consideration was next made of the possible 
locations for the hydrogen atom. A graph was plotted of 
the silicon-hydrogen distance against the H-Fe-Si angle 
assuming an iron-hydrogen distance of 1.6 A anda ESO 
angle of 125° (near to that observed with the refined hy- 
drogen position) (Figure 23). It can be seen from the graph 
that it is possible to locate the hydrogen in a position 
essentially equidistant from each silicon (2.08 n with a 
{eee angle projected on the cyclopentadienyl plane of 
73°) Wetnouc at being in a bonding Position with either. 
Asim larvsituation exists for the trichloro analogue), wien 


a similar graph (Figure 24) being possible. 
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Figure 23 


Silicon-hydrogen Distances for 
(m-C.H,) HFe (CO) [Si (CH3) 4CgHoJ 5 
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HFeSi prcjected on Cp plane deg. 


227 
peep eeecpeq ay CP © 
4 ~~ _ 

: ta 


ig 


" = ey 


Pxe) 


Figure 24 


Silicon-Hydrogen Distances for 
(™-C5H,) HFe (CO) (Sic1,), 
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CHAPTER. 7 


Summary and Conclusions 
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BAS 
SUMMARY AND CONCLUSIONS 


The compounds whose structures have been deter- 
mined during the Course of this research fall into two 
Categories: those sterical. om 

g e) Sterically crowded, HW, (CO) oSi.(CoH.) y 
and (1-CeH.) HMn (CO) ,SiCl. (C.H,) in which there is signifi- 
cant silicon-hydrogen interaction and those which are not 


crowded, HFe (CO) ,Si (C,H and (mC, H.) HFe (CO) [Si (CH 


nie 210 
CoH.], where silicon-hydrogen interaction is unimportant. 
It would perhaps be of use to discuss these compounds (and 
those similar ones whose structures have also been deter- 
mined) in terms of chemical and spectroscopic properties. 
As well, some of the subtler aspects of steric crowding 
should be mentioned. 

Beginning with the latter, it might be concluded 
from a cursory inspection of Figures 16 and 22 that 10 
both (1-C,H_) HMn (CO) ,SiC1, gis) 


(CH.),C He] 5, the environment of the transition metal is 


(ee and (m-CeH-) HPe (CO) [Si 
Virtually identical (silicon replacing one carbon in the 
former) » and that if steric crowding Occurs in “One, ot 
should be présent in the other. However, there is reason 
£o believe that the increased iron-silicon bond length over 
the manganese-carbon bond length could be sufficient to 
allow a non-bonded silicon-hydrogen arrangement in the 
disilicon species. 


There is no evidence of inherent stability for 
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aweatwy “bridging hydrogen. “On “the contrary, itis tonly 

in cases of steric crowding that a close silicon-hydrogen 
approach occurs. There are two possible explanations for 
this close approach; 1) silicen could be an unusually soft 
atom, that 1s, the repulsive term for the normal potential 
curve is unusually small or 2) there may be a secondary 
minimum in the non-bonded region of the interatomic poten- 
tal etirve for silicon-hydrogen (see Figure 25) ) “rf 

the molecule is crowded, there could be a Si-H contact at 
the first minimum, the energy change with respect to the 
Si-H contact being the same as at the second minimum and 
aecpoints in excess of it, but with a reduction “in other 
interligand repulsions causing the minimum. This second 
explanation requires a discontinuity of Si...H contacts 
whereas the first does not. At present, there is insuffi- 
cient evidence to separate these since only one non-crowded 
hydrogen has been positively located (in HFe (CO) ,Si(CgH.) 3) 


and vonly two hydridic hydrogens in crowded environments 


i = Vy} j =< | = A I 2 
Cart i. Ga C,H.) HMn (CO) ,SiR,, R (C pH.) 3 and “R S oC gHe) 
All compounds, except the latter two, studied Lith Ss (series 


damp laceethe thydrogen so that C...H22.0 and Si...H22 2 A 
Which arewvineaccordance with the shortest cis Ligand con- 
tacts observed between atoms attached to transition metals. 
Where anomalous contacts have been observed with group IV 
elements, a pseudo five coordination exists with no angular 


distortion of the firmly attached atoms. The fifth inter- 
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action, lf interpreted as a weak bond, agrees with the 
secondary minimum explanation and adds the requirement 
that the minimum lie below zero energy in keeping with the 
definition of a bond. 

the entixe "question of "the acidity of. the hydro-— 
gen in these molecules is confused, and at the present no 
hard and fast correlation between acid strength and struc- 
ture is apparent. In fact, the more evidence available 
in the form of completed structures, the more obscure be- 
comes the acidity message. For example, (i-~ C,H.) Him (CO) 5 
SIi(CeH.) . is a relatively weak acid (H" is removed only by 
alcoholic base) while HFe (CO) 4Si(C pH) 4 is a.stronger acid 
(Ht can be removed with P(OC Hea), ther firsi- 41s sterrealily 
crowded, the second not, thus, sterically crowded molecules 
were thought to be weak acids because of the silicon-hydrogen 
interaction. This hypothesis is refuted by the structure 
of cis (n-C,H,) (CO) HReSi (C,H,) ,/* Which is nonetheless a weak 
acid, even though the increase in transition metal covalent 
radius reduces interligand repulsions so that the hydrogen 
can be in a non-interacting position with respect to the sil- 
icon. Also, the most logical thermodynamic argument suggests 
that, provided the other ligands can remove the electron den- 


sity, the crowded molecules would be the stronger acids, 


since the conjugate base formed is less crowded: 
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The relative electronegativities of the other ligands is 
also a factor in determining relative acidities: (1-C,H,) 
HFe (CO) (SiC1 4), is a stronger acid than (C,H. ) HFe (CO) 
[Si (CH,),CH, 1], which can most likely be accounted for by 
the increased electronegativities of the trichlorosilyl 
groups enhancing the leaving ability of the hydrogen, 
rather than by some change in structure. Even though 
neither molecule is considered sterically crowded, there 
is a slight possibility of weak. hydrogen-silicon inter- 
action in the latter compound, since some inconclusive evi- 
dence (Table XLV) exists that shows the hydrogen prefers 
tO. locate Closer to one. silicon, than the other, TF such 
interaction were to be proved in the one compound and 
Megated in. the other (by a neutron diffraction study, for 
example), a potential energy diagram with a double minimum 
could be made which would allow two energically stable 
positions for the hydrogen with respect to the silicon. 
The use of infrared bands for transition metal- 
hydrogen stretches is a routine identification procedure 
in the study of transition metal carbonyl hydrides with 
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bands occurring around 1900 cm” (M=D stretches at about 


ie _ _ : a 


a, howpasr ‘keuen ana An ansahvidaponoiipels wrioeler = 
| aflad a? rasta’ hese oy irniws qolalary 30h at seecas s = 
ae) pOGM (8, D-N) pet ‘he 3epiorsn 6 al ¢ (faded coor 
yl 20F bedmionce wi vtoatd As0n GAD aoinw Pa M3 gh Ba 
igijwosedaaeay. as Jo solid iaearen heaseqas si2 

qupeomings @te to ysilide guivesl base _paionstias heb “ 
tquents awell JWxw2oxta wh sppeds cuog yd mada rsite2 . 
gage ,balttr'ee ylieol ings bexsblaao2 et eluoaton tedsiow - 
~tega doatlid-esgosbyt aaew to ys ilidheaog shite. 5 > _ 
-498 evlauiuaowt eaga guale icon togeel wig al oosens 7 
Semler needshye pts, ewoite 108d aietza (Yax olde) nb 
dove 27 .dedoo ada sade ayaiste goo of xeealo eisc0L, = 6 : 
beh Pageqeoy 2a0 od? Ae hevorg od oF 219" notson; st. ah 
ant ,\farde pot2oesttin mosepes, & , ae tedio. wsta al ris } 
magn) s9 dan aiduoh a aity neapesi® srtece Ins sandog 6 sat a 
aldesa ybIaolpabns amd wokin bioow i dw uban ae iw 2: 
etl AG wake Os seegngr: haw 4 gerd ods At eaolseog: 
2 io ao ot 


= a: sei wt Baer 


185. 


1300 cm? if the deuterated compounds are studied). In 

the Study of transition metal carbonyl derivatives contain= 
ing silicon and hydrogen, an attempt was made to find 
appropriate infrared bands (which were not always present) 
ang to correlate them with the silicon hydrogen interaction. 
(1-C. He) HMn (CO) ,Si(C HH.) , had no band identifiable as an 
Mn-H stretch in the infrared while (7 ~C-H_) HMn (CO) ,SiC1, 

Gud <@290 om"). The triphenyl silyl compound had a struc- 
ture with silicon-hydrogen interaction and this was believed 
to interfere with the production of an infrared Mn-H stretch. 
Since the trichlorosilyl compound did show a band, suppos- 
edly there was no silicon-hydrogen interaction and an elec- 
trostatic explanation for the differences was postulated. 
The region for Fe-H stretch in HFe (CO) ,Si(CgHe) 3 was ob- 
Secured. by the carbonyl stretching Erequeicies, bur ithe 
stretch was expected to be absent anyway since the silicon 
substituents were identical to those of the manganese com- 
pound where silicon-hydrogen interaction was found. As 
Chapter 4 has shown, no silicon-hydrogen interaction exists 
here, and the electrostatic arguments were dropped in favor 
of the steric crowding hypothesis. (m-C,.H,_) HMn (CO) ,SiclC i. 
has a Mn-H stretch at 1895 chee using electrostatic or 
infrared arguments it should have an unbridged hydrogen; 
using the steric crowding hypothesis, it should contain 
bridged hydrogen. In fact, this molecule has a bEgaging 


hydrogen. Thus, one of the more yusefud tools for eluci= 
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dating structure, infrared spectroscopy, has been shown to 
be useless in predicting silicon-nydrogen interaction in 
compounds of this type. While there is still a possibility 


of coordinating the intensities of the transition metal- 


hydrogen stretch with the nature of the silicon substitu- 
enue, this 1a syet.to be. done, 

While X-ray crystallography is not an ideal tech- 
nigue for locating hydrogen atoms in the presence of heavy 
atoms, its use in determining these structures has led to 
ee Derrem Understanding Of tne, factors inti vencing one 
hydrogen position. Specifically, these structures have 
shown that the major factor influencing the nature of the 
Silicon-hydrogen interaction is steric hindrance wit 
electrostatic factors of less importance. To clear up the 
exact nature of the hydrogen silicon interaction, it would 
be desirable to do neutron diffraction studies on some of 
these hydrides. These studies would locate the hydrogen 
aALons much more precisely. “In addition, Careful spectro- 
scopic studies to determine the potential energy curves 


for silicon hydrogen interactions would be very useful. 
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EXPERIMENTAL 


Yellow-orange crystals of Sn (Fe (CO) ,SiCl,),Cl, 
were obtained in a form suitable “for X-ray erystal study 
from W. Jetz. The parallelopiped crystals were mounted 
along their largest dimension and coated with shellac to 
retard decomposition. The preliminary photography obtained 
from several crystals consisted of Cuk . Weissenbergs hO2, 
Hite hae -and MOK precession 0k2. They showed the crystal 
to be orthorhombic with systematic absences 0k0, k = 2n+l 
and h00O, h = 2n+1 which imply space group P2j2,2. Lattice 
parameters from film snowed a = 11.82 A, bres Lona A, c= 
Done G A. The observed density (2.15 gm/cc) obtained by flo- 
tation agrees with “that cabculated, (264 74uom/ec), for 2 
molecules: per unit cel lL, molecular wei ght. 94. 3sand> unit 
Selis volume. 1 213 52 A The crystals decomposed to red- 
brown amorphous material in X-rays and so the structural 


determination was terminated at this point. 
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DISCUSSION 


The structure proposed for this compound®? was: 


(a6) CO 
OE 
Sie 
Se 


Cl 
S CO 
Sn Eevee 
a ) co 
Fe- 
eae | Nco 
SiClk 


This proposed structure has avmirror planes through the tin 
and its chlorine substituents. 

FOr the space group P2,2,2 with two molecules 
per unit cell, the coordinates of the equivalent positions 
aremwGe, Vp 2) yy (xe yy Zp ete Bev 2) ene) aap ee) 
Thus the two tin atoms must occupy the special positions 
(OP050 2) ane 2, & 2) and the remaining portrom of. each 
molecule the corresponding equivalent positions. Since 
these equivalent positions are related by a crystallogra- 
piace 2 -fold) rotation axas rather than ca mirror severe, -cne 
MLOposea StiIvcture 1S Jncomrect. “ANStructure consistent 
with the crystallographic data is shown below: 
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Appendix B 


Redetermination of the Crystal Structure of Ferrocene 


17. 


INTRODUCTION 


The sandwich structure of bis-cyclopentadienyl 


iron,,(ferrocene) suggested in i952 °° and confirmed by X- 


31 and 1953°- was determined 


93 


Lavyacsy sical wast ructites <n 1952 
inmacetail by Dunitz,sOrgel and tRueh sim 19.56. This ap- 
pendix describes a reinvestigation of this crystal struc- 
ture..,.A reexamination of the structure was considered 
desirable in order to apply some of the newer techniques 

£6 ,the,deseription of the motiom of the seyclepentadienyd 
mings, thatyis., to treats thesgrings sas hindered, reterd. 
Additionally, a comparison was wanted between ferrocene and 
ferrocenium picrate, (We (G wy, WG Gens wine in terms 


of bond distances, thermal motion, barrier to rotation and 


SiO On. 
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EXPERIMENTAL 


Ferrocene crystals suitable for X-ray cxuystallo- 
graphy were obtained from Dr. B. G. Kratochvil. An orange 
needle was mounted along the needle axis and coated with 
shellac. As expected, the preliminary photographs--Cuk | 
Weissenbergs hk0O, hkl, hk2 and MOK | precession h0--showed 
the crystal.to be monoclinic with systematic absences 0k0 
fon k = 2nt+l. and h0”® for h+2 = 2n4+1l. These absences are 
Characteristic Gf Space group P2,/n, a non-standard setting 
Of P2,/c. Lattice parameters a = 5.9340(13) A, b = 7.6104 
(4) A, Ga ON AS (7) a and 8 = 93.206(16)° were obtained 
from least squares analysis of hign angle reflections. The 
density by flotation was 1.49 gm/cc and is in gocd agree- 
Were wile that calcwvtlated Cl502cem/ec) Hor 2°42). une cell 
volume 407.8 ne and molecular weight 185.1. 

The crystal used for data collection was of approx- 
hace dimensions 0935 x 0.12% 025 timoand was pounded by 
faces of the form {O11} and {100}. ‘Lt was motnted with a* 
Sorncicent WLEn she @ axils of the ditiractometer. inten= 
sity data were collected using CuK radiation with a peak 
Sean Gf 20 sange Of 2°, a 20 Maximum Limit of 125° and wet 
30 second backgrounds. Decomposition (most probably sub- 
limation) dependent on time and sin®@/\ was observed and 
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An absorption correction (p = 144.8 cme t} was 
applied with the transmission factor range being 0.21 to 
O.4), tne scan data (400 reflection) after "correction 
showed an internal consistancy of +4%. Of the 647 inde- 
pendent reflections measured, 485 were estimated to be 
Siqniricantily above background using a criterion T/o (i) 
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SOLUTION AND REFINEMENT 


The iron atom occupies the special position (0, 
0, 0). The coordinates of the carbon atoms in the cyclo- 
pentadienyl ring were obtained by transforming the coor- 
dinates for the P2,/a cell given toby Duniztz, Orgel and 


Rich 


to the P2,/n cell. The a and c axes were inter- 
cnanged on conversion from one cell to the other. The 


transtorcmation <cftected was: 


ee Oza x 

a 
One TG se = (x, es Zz) 
iG .0 Z 

a 


where xX Vee trol Ae refer to the P2,/a cel analy: 


at n’ Yn’ #n 
refer to the P2,/n cell. The coordinates so obtained were 
used in a least squares refinement. Two of the cyclopen- 
tadienyl carbons failed to refine, and on preparation of 
a model, the Dunitz et oles coordinates for Cy and Ce were 
found to be incorrect (Table LV). The mydrogehn atoms. were 
° 
positioned 1 A from the ring carbons and in the plane of 
the ring with isotropic temperature factors of 5.0. Neither 
the positions nor the temperature factors for the hydrogen 
atoms were refined. 


With the corrected Cy and Ce coordinates and all 


atoms isotropic, three cycles of refinement with the twenty- 
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two variables gave Ry = 0.137 and Ry = 0.158. When the 
carbon ring was refined as a hindered rotor and the hydro- 
gen atoms were placed in a hindered rotor identical to 
that for the carbon atoms, but with the ring radius 1 A 
larger, the number of variables fell to eleven and least 
Squares refinement gave Ry = 0.119 and Ry = G2 136.) 10n 
allowing tne iron atom to have anisotropic temperature 
factors and taking into account its anomalous dispersion, 
the R factors dropped to R} =a) O77 and Rs = 0.090 in five 
cycles. During the final cycle of least squares refinement, 
no parameters snifted by more than 0.2 of its estimated 
standard deviation. The final standard deviation of an 
opservation of unit weignt was 1.81. 


Table LVI gives the absolute values for the ob- 


served and calculated structure factor amplitudes, 10[F 


and hg te - Positional parameters and temperature factors 


are given in Table LVII. 
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Table LVI 


Observed and Calculated Structure Factor Amplitudes 
DO irr and LOU 
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DISCUSSION 


A drawing of the ferrocene molecule is given in 
Higuve 265 The barrier to rotation of the ming implies a 
Poot meat square libration of about 15.°5 4a rather Jarce 
oscillation wnich indicates that some errors can be expected 
in carbon-carbon bond lengths found using an individual 
alom approach. The temperature factonm of the ring being 
just 0.44 above that of the iron suggests the motion of 
the ring is indeed in the plane perpendicular to the iron- 
ring centroid direction, another“indicatvon of the approp- 
Yiateness of the hindered rotor model. 

A comparison of ferrocene with the cyclopenta- 
dienyl rings as hindered rotors to ferrocene as determined 
in to5o by" Dundwtz, Orgel and Rieh is oliven in Table LViite 
As can be seen, the iron carbon distances average to iden- 
tical values within experimental error, while the carbon- 
carbon distances in the hindered rotor refinement are 
slightly longer reflecting the inclusion of the ring mo- 
tion. These carbon-carbon distances agree fairly well 
WLten these found im an electron ditiraction experiment?> 
(UA2 C3) A) of ferrocene vapor at 140°C. 

Ferrocene can also be compared with other similar 
compounds, and as was mentioned in the introduction, one 


of the purposes for this redetermination was to compare 
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it with ferrocenium picrate. The iron-carbon distances 
° 

are longer (2.070 A )av.)) in tne latter which has eclipsed 
rings while the carbon-carbon distances are shorter (1.395 
S hs ; ; ecko ape 
A) and Hutcheon gives a detailed discussion SAE poebertire, Tele 
molecular orbitals for these differences. 

In “conclusion, thecdetermination of this structure 
allowed the audiments of X-ray “eryvstaliography to: be learned 
without undue expenditure in time or money while producing 


some useful information. 
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Figure 26 


Perspective Drawing of Ferrocene 
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Appendix C 


DREFINE, a Program in FORTRAN to Obtain Accurate 
Celi Parameters 


PO iS ie 


DREF 


The program DREF was written originally in order 
to obtain accurate cell parameters with an estimate of 
their standard deviations from a least-squares analysis of 
a number of nk& planes. It is intended for use with data 
obtained from the Picker manual four-circle diffractometer 
without the monochromator, Reflections of hign siné/i 
values are accurately centred in the window of the counter 
by appropriate adjustment of i, 6, y and. 206, The 20 values 
of the accurately centred peaks are used in this program. 
Best results are obtained uisng Cuk v4 radigeion, WLeh ae 
least three reflections per parameter: for example, a 
Minimum-or 9 “fLorvan Orcthorhombic tor Ls «forva -triclinie: 
Results can be improved by taking more planes, by having 
a number of widely varying hk& values, and/or by using 
extremely high 26 values. 


A brief discussion of the theory” involved in DREF 


follows. The d-spacing in a crystal,can be expressed as: 
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It can be measured at several hk& values and is related 


to the 26 angle measured on the diffractometer by Bragg's 
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The principle of least squares states that the best values 
£OmeCie pametietersS cd tna pple bn Con Yo noce, Loose wich 
minimize the sums of the squares of the properly weighted 
differences between the observed and calculated values of 
the function forvall observational points. in this case 
the quantity to be minimized is given by: 
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with ee placing more emphasis on the highest sin6é/i values 
and m being the number of observations. So the parameters 
av‘, b*, C*) a*, 6*, vY* are considered as variables to be 
adjusted to minimize @thigeD. This is done by diftterentiat-— 
ino the claveyhand side Of 43) With respect Lo each Of the 


parameters in turn and setting the derivative to zero: 
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These are the normal equations. 
Because > 43g arnon“limearditinctiony+Ltwis snec- 


essary to approxims tect by a Taylor series before attempt- 


ing to solve the set of simultaneous equations given by (4): 
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miere- at ..y*" “are approximace values of a*...y*. <Apolica- 
tion of a least-squares process to the linear equations ob- 
tained by substreuring (5) into (4) will oive values tor (a*— 
ost ay a) SUC tet as — wae! tae mak eye cane op 
(y*-y*') are better approximations to the best values for 
theyparamecers aA*...y* than the initial at"... "., Secause 
the Taylor series was truncated at the first derivative 
level, the calculations outlined above must be repeated 

until convergence takes place. In this program, conver- 


gence is considered complete when 


eee ae cule, 
where Ap is the change in parameter p, fobs and ee are 


the observed and calculated = values for the nk& plane, 
the summation is over all hk& planes and w is an appropri- 
ate weighting factor. 

To Simpiiiy the programming LOr all crystal sys- 
tems and at the same time to ensure that the interrelations 


Of sthe ~arameters ax*...y* are accounted, for, particularly 


in the error terms, equation 1 was rewritten as: 
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and the least squares procedure carried out on this expanded 
FOrM we ihe, cormect set of p and q vectors is generated 
within the program when the user selects an appropriate 
Crystal System Indicator. For example, 1oOr a) monoclinic 
system, Mhesindicator a6 2 and sp (1) = (200010001). and qe 
(OOL01ULOO whale for a rhombohedral crystal, the indicator 
LS Seen Geli) = o1.00.0.00 01) ands ct). =s(O000G0000)., 
Sisice both input and Gutpuc Ge idesired, 2m, tie form 
Of Cirece lattice paxamters and equation 7 as ain -terms of 
reeiprocal lattice parameters, LE is necessary to convert 
from one to the other using the usual relationships. (See 
General Crystallographic Introduction Table IV) 
The error terms are calculated by evaluating the 
derivatives of the direct lattice parameter with wespect (Co 
each of the reciprocal lattice parameters, summing the 
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The input to the program consists of the follow- 
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Cell card lay,bsc, Oy, byvein A> ands? erespectively, 2055 the 
input 26 value (usually 0 and corresponding to 20, for 


thehinstrument)-.(7F10.5) 
Wavelength of radiation (F10.5) 


a) Parameters to be varied: a,b,C,,B,¥r280; Dp = do nor 
Vary pele Vary. 

b) Crystal system: l-triclinic, Z=monoclinic, 3-ortho- 
rhombic, 4-tetragonal, S-rhombohedral, 6-hexagonal, 


7-cubici, Cools) 
Planessandezo values (314, P1002) 
h = 99 terminates data set 
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responding error terms 


5) A repeat of 2) to 4) for each cycle until convergence 


is reached, 


Avlisting: of .DRER, ai Sample) set* of ‘input andthe 
COLresponding output for the monoclinic crystal system fol- 
low. The program requires only a few seconds for operation 


and is routinely activated from a terminal. 
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COMMON A(7)sK1I07) «H(35100),FO(100)-FC(100) sND»sNV1JI5C(6) »S(6),DEL 
COMMON AN(28) .V(7)+VO2AS(6) sCSS(6),SNS(6)sWGT(100),P(9),0(9)3W 
COMMON CONSRAO 

DIMENSTON TEMP(7),TEMQ(7).,AZZ(6),AP(6)+EA(3534)5SAA(6)5 SRT2(3) 
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8& FORMAT (18A4) 
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90 FORMAT(314,F10.2) 
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P(9)=1.0 


*** READ IN REMAINING DATA 


ND=NDO#+1 

READ (Ss. 9:09" (TR( 1)41=153)5 CGN 
Tie) tGese IS) (GOTO 20 
DODO Gil 13) 

HC TweNO)J=IHC(T1) 

CONTINUE 


#%&% WETGHTING FUNCTION CALCULATED 


CONV (ND)=CON ~ 
WGT CND)=S INC CCONFTA(7 ) )7(2-0*RAD) ) 
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CONTINUE 
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250 CONTINUE 
DEL=0-e0 


**XXLOOP THROUGH DATA 


WRI TE(6;99) 
00 300 J=1,ND 
CON=CONV CJ) 
GALES CALE 
DO 260 1=1,.3 
MIG 5) Salah CS cs Op) 
260 CONTINUE 
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